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THEORETICAL AND EXPERIMENTAL INVESTIGATION OF MUFFLERS WITH COMMENTS 
ON ENGINE-EXHAUST MUFFLER DESIGN? 


By Don D. Davis, JR., Свовав M. Srokgs, Dewey Moors, and Сконав L. Srev. 


SUMMARY 


Equations are presented for the attenuation characteristics of 
igle-chamber and multiple-chamber mufflers of both the 
expansion-chamber and resonator types, for tuned side-branch 
tubes, and for the combination of an expansion chamber with a 
resonator, Experimental curves of attenuation plotted against 
frequency are presented for 77 different mufflers with a. veflec- 
tion-free tailpipe termination, and the results are compared 
with the theory. The experiments were made at room tempera- 
ture without flow; the sound source was a loud-speaker. 

A method is given for ineluding the tailpipe reflections in the 
calculations, Experimental attenuation curves are presented 
for four different mufller-tailpipe combinations, and the results 
are compared with the theory. 

The application of the theory to the design of engine-exhaust 
mufflers is discussed, and charts are ineluded for the assistance 
of the designer. 

Noise spectrums are presented for a helicopter with each of the 
four muffler-tailpipe combinations installed. These spectrums 
are compared with the noise spectrum of the unmuffled helicopter. 
The results show that the overall noise level of the helicopter was 
reduced significantly by even the smallest of the four mufflers 
tested. 


INTRODUCTION 


A theoretical and experimental investigation of the methods 
of muffler design has been conducted at the Langley full- 
scale tunnel of the National Advisory Committee for Aero- 
nautics.as part of a general research program directed toward 
the reduction of airplane noise. The acoustic theory and 
muffler literature were studied with the aim of obtaining a 
method of predicting muffler characteristics. The theory of 
acoustic filters is discussed in reference 1. Sections of par- 
ticular interest in connection with muffler design are the chap- 
ters on change in area of wave front, transmission through 
a conduit with an attached branch, and the filtration of 
sound, as well as the appendix which gives the branch- 
transmission theory of acoustic filtration. Experimental 
cheeks haye been found in the literature which demonstrate 
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filters with stationary air at room temperature as the soun 
conducting medium. When the derivation of the equations 
of the acoustic-filter theory is studied, however, certain 
assumptions are found which limit the maximum filter di- 
mensions and also the maximum sound pressures for which 
these equations are applicable. Only limited data are avai 
able regarding the accuracy of the theory when applied t 
filters as large as engine-exhaust mufflers. 

The British have studied the problem of aircraft mufflers 
with limited model experiments and with engine tests 
(refs. 2, 3, and 4). The model experiments show fair agree- 
ment with theory as to attenuation for а particular multiple 
resonator low-pass filter of the type described in reference 1 
and for а multiple-expansion-chamber silencer. The experi- 
ments also showed a definite tendency for increasing flow 
velocity to increase the attenuation at low frequencies of 
expansion-chamber silencers. Air flow had little effect on 
the attenuation of the multiple resonator. In both cases, 
however, the flow velocities investigated were much lower 
than those which are found in engine-exhaust pipes. Muffler 
design has also been studied by the Germans with particular 
emphasis on mufflers for single-cylinder engines (refs. 5, 6, 
and 7). Ground tests of a Jarge number of different mufflers 
on an actual engine are reported in references 8 and 9. 
The experimental results of reference 8 showed that, for the 
particular muffler discussed, both the low-frequency cutoff 
and the first high-frequency cutoff were near the calculated 
frequencies, which was encouraging. Unfortunately, how- 
ever, the data of references 8 and 9 were not suitable for 
detailed verification of the theory because of interfering 
engine noise from sources other than the exhaust. 
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Although the literature indicated that certain acoustic 
theories could be useful im the design of engine-exhaust 
mufflers, neither the range of validity of the various theories 
with respect to muffler size nor the accuracy of the theories 
in predicting the attenuation of mufflers installed on actual 
engines could be deduced from the available data. It 
became apparent that, before more detailed information re- 
garding the validity of the equations could be obtained, 


that the theory of reference 1 is reasonably accurate for small | test method was needed which would allow conditions to be 
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closely controlled and which would reduce the number of 
variables involved. А relatively simple and fundamental 
approach seemed to be to develop a suitable apparatus and 
then to measure the attenuation characteristics of various 
types of mufflers in still air at room temperature. Па order 
to eliminate the effects of tailpipe resonance, а termination 
with the characteristics of an infinite pipe was indicated. 
Such an attenuation-measuring apparatus was developed 
for the first. part of this vestigation. 

The objective of this part of the investigation was to 
obtain from theoretical considerations equations for the 
attenuation of various types of mufflers and then to investi- 
gate the validity of these equations experimentally through- 
out а rather large range of muffler size in order to determine 
the limitations of the various equations with respect to 
muffler types, muffler dimensions, and sound frequencies. 
Because it is important in airplane-engine muffling to avoid 
excessive back pressures, only those types of mufflers which 
permit the exhaust gas to flow through the muffler w ithout 
turning have been considered in this investigation. 

Of course engine mufflers must be terminated with a tail- 
pipe of finite length in actual practice. The influence of the 
finite tailpipe was studied in the second part of this investi- 
gation. A method for iscluding the effect of the tailpipe ia 
the muffler calculations was proposed, and an experiment 
was then conducted to investigate the validity of this 
method. 

The problem of practical muffler design is discussed in 
Part TIT, aud families of calculated attenuation curves for 
three types of mufflers are presented therein for the assist- 
ance of the designer. 

The final part of this report describes an application of the 
theory to the design of four mufflers for a particular aircraft 
engine and the tests of these mufflers installed on the engine. 
The purpose of this part of the investigation was to study 
-the practicality of the design methods and equations which 
had been developed and, also, to obtain some idea of the 
size of muffler which is required in practice to provide a 
significant noise reduction. Of particular interest was the 
question whether certain factors which had not been studied 
in the previous parts of the investigation would affect 
seriously the performance of the mufflers. Factors of 
primary eoncern were the very large sound pressures in the 
engine exhaust pipe and the flow velocity of the exhaust 
gas. In order to make possible a comparison of experi- 
mental data, the same mufflers were used for the finite tail- 
pipe study and for the engine tests. 

For an investigation of this nature, it is desirable to have 
an engine dynamometer stand; however, in this case, a 
helicopter was used for the engine tests because it was 
readily available. This was believed permissible because 
the helicopter rotor noise was expected to be lower thaa the 
engine noise, at least for the unmuffled engine. 


SYMBOLS 
a radius of connector between exhaust pipe and 
branch chamber 


А displacement amplitude of an incident wave 


B displacement amplitude of a reflected wave 
с velocity of sound 


со conductivity of connector between exhaust pipe 
ха 

and branch chamber, Lf 

d diameter of expansion ehamber 

$ frequency 

Ж cutoff frequeney 

I sound current 

k wave-length constant, 2zf/c 

г length of conical connector, measured along surface 

h length of pipe between connectors of two successive 
branches in a multiple resonator or length of 
pipe between two chambers of a combination 
muffler 

[А length of resonant chamber 

ГА one-half of effective length of connector between 
two expansion chambers or length of connector 
between exhaust pipe and branch chamber 

& length of expansion chamber 

(А effective length of tailpipe 

m expansion ratio; ratio of chamber cross-sectional 
area to exhaust-pipe cross-sectional area 

M number of chambers in multiple-resonator muffler 

n number of orifices or tubes which form connector 
between exhaust pipe and branch chamber 

p sound pressure 

? resistive component of impedance 

S cross-sectional area 

t time 

ү volume of resonant chamber 

г distance coordinate measured along pipe 

X reactive component of impedance 

2 impedance 

Ze characteristic impedance, acoustic resistance to 


transmission of a plane wave in a pipe, pc/S 
B constant in conductivity equation 
` wave length, с// 
и coefficient of viscosity of sound-conducting medium 
p average density of sound-conducting medium 


г 

=4т X 

Е instantaneous displacement of a particle of the 
medium in which a plane acoustic wave is 
transmitted 

i instantaneous velocity of a particle of the medium 
in which a plane acoustic wave is transmitted 

© circular frequency, 2af 

Subscripts: 

b branch 

с connector 

i incident wave 

i resonant 

re reflected wave 

t tailpipe 

tr transmitted wave 

Note: Bars are used to denote the absolute value 


(modulus) of a complex number. 
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1. INFINITE TAILPIPE 
THEORY 


The equations that have been used in the calculation of 
attenuation for the mufflers discussed in this report are 
derived and presented in the appendix Mufllers of the 
expansion-chamber type are treated in appendix А. The 
method used throughout the derivation of attenuation equa- 
lions for single expansion chambers, double expansion 
chambers with external connecting tubes, and double 
expansion chambers with internal connecting tubes is that 
of plane-wave theory. Та this theory the sound is assumed 
to be transmitted in а tube in the form of one-dimensional or 
plane waves. At any juncture where the tube area changes, 
part of the sound incident on the juncture is transmitted 
down the tube and part of it is reflected back toward the 
source. An expansion-chamber muffler consists of one or 
more chambers of larger cross-sectional area than the exhaust 
pipe, which are in series with the exhaust pipe. This type 
of muffler provides attenuation by taking advantage of the 
reflections from the junctures at which the cross-sectional 
area changes. А three-dimensional sketch of a typical 
double expansion chamber with an internal connecting tube 
is shown in figure 1 (a). The theory shows that below a 
certain frequency, which is called the cutoff frequency, the 
muffler is relatively ineffective. An approximate equation 
for determining this cutoff frequency has been derived and 
is presented in appendix А. 

Mufflers of the resonator type are treated in appendix B. 
A typical single-chamber resonator is shown in figure 1 (b). 
This type of muffler consists of a resonant chamber which is 
connected in parallel with the exhaust pipe by one or more 
tubes or orifices. In certain frequency ranges the impedance 
at the connector is much lower than the tailpipe impedance. 
The resonant chamber then acts as an effective short circuit 
which reflects most of the incident sound back toward the 
source; thus, the amount of sound energy that is permitted 
to go beyond the muffler into the tailpipe is reduced. The 
attenuation equation for the single-chamber resonator is 
first derived by the method of lumped impedances; that is, 
phase differences between the two ends of the connector and 
between different points in the chamber are considered 
negligible. For this case, attenuation equations are de- 
veloped first by considering the resistance in the connector 
and then by omitting this resistance; then, two additional 
equations, both of which omit the resistance, are developed. 
The first equation considers the effect of phase differences in 
the connector, whereas the second equation considers the 
effect of phase differences inside the chamber. 


в. 


A typical multiple-chamber resonator is shown in figure 
1 (c) For mufflers of this type, the equation given in 
reference 8 is used. Та the derivation of this equation resist- 
ance is neglected, the connector and chamber are considered 
as lumped impedances, and the central tube between the 
resonators is treated as a distributed impedance. The sound 
in this central tube is considered to be transmitted in the 
form of plane waves. The multiple resonators, like the 
multiple expansion chambers, have a cutoff frequency. Ап 


approximate equation for this cutoff frequency is also given 
in appendix B. 

The conductivity со is a very important physical quantity 
which enters into the determination of both the resonant 
frequency and the amount of attenuation for resonator-type 
mufflers. The quantity р/со is, as is explained in reference 1, 
the acoustic inertance that is associated with a physical 
restriction in an acoustic conduit. Because this quantity is 
determined by the acoustic kinetic energy that is associated 
with the presence of the restriction and because this energy 
is a function of the conduit configuration on either side of 
the restriction as well as of the physical dimensions of the 
restriction itself, the conductivity is physically a rather 
elusive quantity which is predictable in only certain special 
cases, such as that of a circular orifice in an infinite plane. 
In most practical cases, it is therefore necessary to base an 
estimate of со on past experimental evidence. 

The prediction of c, is discussed in reference 1. In the case 
of a single connector, with diameter not too large in com- 
parison with the exhaust-pipe diameter, the equation given is 


where 8 is an empirical constant, which has been found to 
be usually between 7/2 and 7/4. If the connector is composed 


(b) 
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(а) Double expansion chamber with internal connecting tube (muffer 
19). 

(b) A typical single-chamber resonator. 

(c) Double-chamber resonator (muffler 54). 


Fieure 1.—Sketehes showing internal details of several mufflers. 
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of several orifices, a further uncertainty is introduced since 
the interference effects among ihe orifices аге not known. 
In this report, the caleulated curves will be based on the 
experimentally measured conductivity in those cases where 
the calculated and experimental conductivities show signifi- 
cant differences. In a section immediately following the 
presentation of the single-resonator and multiple-resonator 
results, the problem of conductivity prediction is discussed 
with the assistance of the experimental results. 

Equations are derived in appendix C for two types of 
combination mufflers. The first is a combination of two 
resonators timed at diferent frequencies and the second is 
a combination of an expansion chamber and a resonator. 
Combinations of these types are shown in figures 1(d) 
and 1 (е). 


Е- 77029 


) Combination of a resonator aud ав expansion chamber пра ег 71. 
“Two resonators tuned to different frequencies (muffler 73}. 
Combination of several quarter-wave resonators ünuffler 74). 


Figure 1.— Coneluded. 


MUFFLERS 


The mufflers used in the “infinite” tailpipe part of the 
experimental investigation were constructed of 18-gage 
sheet stecl (0.049-in. thickness) and unless otherwise speci- 
fied were of circular cross section. Seam welds were used 
throughout to prevent leakage between the adjacent cham- 
bers of the mufflers. In all cases, the exhaust-gas flow is 
from left to right. —'Phree-dimensional sketches showing 
internal details of several of the mufflers are given as figure 1. 
Photographs of some of the mufflers are shown as figure 2. 
Results are presented for 74 mufflers that were built to fit 
a 3-inch-diameter exhaust pipe. These mufflers varied in 
diameter from 4 inches to 24 inches and in length from 1 inch 
to 96 inches. In addition, results are presented for three 
и егз that were built to fit a 12-inch-diameter exhaust pipe. 

The types of mufflers on which the most extensive tests 
were made are the single expansion chamber, the multiple 
expansion chamber, the single resonator, and the multiple 
resonator. Тһе single-expansion-chamber mufflers were 
empty cylindrical tanks with inlet and outlet tubes centrally 
located at the two ends, Multiple expansion chambers were 
constructed by placing two or more expansion chambers in 
series and conneeting them with either internal or external 
tubes. These connecting tubes varied in length from 0.05 
inch (the thickness of the central baffle in the muffler) to 
42 inches and had a diameter of 3 inches. Each of the 
single-resonator mufflers consisted of an enclosed volume 
connected to the exhaust pipe by either tubes or circular 
orifices. The resonant chamber was located either as a 
branch projecting from the side of tbe exhaust pipe or as 
an annular chamber concentric with the exhaust pipe. In 
this type of muffler and in others in which the muflling 
element. is located in "parallel" with the exhaust pipe, the 
exhaust gas, as а whole, is not required to flow through the 
volume chamber as it is in the expansion-chamber type of 
muffler. The multiple-resonator mufflers consist. of two or 
more identical resonators spaced at equal intervals along 
the exhaust pipe. А few mufflers were constructed of com- 
binations of the above types. In addition, side-braneh tubes 
with one end closed were investigated. 
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APPARATUS 


The test apparatus used in this investigation is shown 
chematically па figure 3 and a photograph of the equipment 
used for testing the mufflers with 3-inch inlet diameter is 
shown as figure 4. The sound was generated by the 15-inch 
coaxial loud-speaker shown at the left and was conducted 
through a 3-inch tube to the muffler, which was attached to the 
tube by rubber couplings. The sound which passed through 
the muffler continued down a 3-inch tube to the termination, 
which consisted of several feet of loosely packed cotton. 
The section of the tube between the loud-speaker and the 
mulller is called the exhaust pipe in this report, and the sec- 
tion of the tube beyond the muffler is called the tailpipe. 
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(a) Mufflers for 3-inch-diameter exhaust pipe. 


FIGURE 2.-—A group of mufflers investigated. 
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(b) Central-tube diameter, 12 inches; muffler 74. 


Кишинев 2.—Coneluded. 


Measuring stations at which microphones could be in- 
serted were installed in the exhaust pipe and the tailpipe. 
These measuring stations had the same cross-sectional area 
as the tube and were so designed that the microphone, when 
inserted, produced only a slight restriction in the acoustic 
tube. Because of the interaction between the incident sound 
wave traveling toward the muffler and the wave reflected by 
the muffler traveling back to the loud-speaker, the sound 
pressure varied with distance along the exhaust pipe. A 
sliding measuring station was, therefore, installed in the 
exhaust pipe. Three stationary measuring stations, un- 
evenly spaced, were inserted in the tailpipe between the 
muffler and the cotton termination. With а 3-inch pipe in 
the muffler position instead of a muffler, the cotton was ad- 
justed until the reflections from the termination were mini- 
mized. Reflections were detected by differences in the sound 
pressures at the various tailpipe measuring stations. With 
the termination used in this investigation, the pressures at 
these three stations varied by a maximum of about +% 
decibel for frequencies between 120 and 700 cycles per second 
and about 2-13 decibels for frequencies between 40 and 120 
cycles per second. 


A General Radio Company type 759-B sound-level meter 
was used to determine the sound-pressure levels at the 
measuring stations. The crystal microphone of this meter 
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produced an electrical signal proportional to the sound pres- 
sure when it was inserted at the measuring stations. The 
meter indicated the sound-pressure level in decibels, defined 


as 20 logo x where ро is the standard base-pressure level of 
о 


0.0002 dyne per square centimeter. Ап oscilloscope and а 
sound analyzer were used as auxiliary equipment to make 
periodic checks of the wave form (freedom from harmonics) 
of the sound at the measuring stations. 

The power supply for the loud-speaker consisted of the 
output of an audio oscillator feeding into a 50-watt amplifier. 
No harmonics were detectable within 40 decibels of the funda- 
mental level in the input to the loud-speaker at the operating 
conditions used in this investigation. An electronic volt- 
metar was used to determiné the input voltage supplied to 
the loud-speaker. 

Part of the investigation involved the testing of three 
large mufflers in а 12-inch-diameter tube. А photograph of 
the apparatus used is shown in figure 5. In general, the 


Loud ~ speaker 


Measuring station 
(sliding) 


Meosuring stations 
(stotionory) 
Muffler | OO O 
Cotton 
termination 


Sound ~ level 
meter 


20 


Sound 
опаугег 


FiaUnE 8.—Schematic diagram of experimental apparatus for infinite 
tailpipe investigation. 


Ficurn 4.—Apparatus used for testing mufflers designed for a 3-inch 
exhaust pipe. 


apparatus was similar in principle to the 3-inch apparatus. 
Traversing microphones operated by- а pulley. and: cable 
arrangement were used in both.the exhaust pipe and the tail- 
pipe.: In order to simplify the apparatus, Ше microphones 
were placed inside Ше 12-inch pipes, as shown ia: figure 6, 
where they imposed less than a 4-percent maximum area 
restriction. А cotton termination was again used, although 
it was not quite as effective as was Ше termination of the 
3-meh apparatus. 


Ficure 5.— Apparatus used for testing mufflers designed for а 12-ineh. 
exhaust pipe. 


Fievre 6.—Movable-microphone arrangemenf in the 12-inch tailpipe. 
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METHODS AND TESTS 


In the tests of each of the muffler configurations, the maxi- 
mum sound-pressure level obtainable at the sliding measuring 
station in the exhaust pipe and the sound-pressure levels at 
the three stationary measuring stations in the tailpipe were 
recorded. The data from the three tailpipe stations provided 
a running check on the absence of reflections in the tailpipe. 

Р: 


The attenuation is defined as 20 logis am where р; is the 
tr 


incident-wave pressure in the exhaust pipe and ро is Ше 
transmitted-wave pressure in the tailpipe. The tailpipe 
data obtained in these tests give the true transmitted sound- 
pressure levels in the tailpipe, but the exhaust-pipe readings 
do not give the incident-wave sound-pressure levels in the 
exhaust pipe; instead, they give the maximum sound-pressure 
levels in the exhaust pipe. This maximum pressure is due 
to the superposition of the incident wave and the wave which 
is reflected from the muffler, In some cases, it is possible to 
calculate precisely the difference between the true attenua- 
tion and the quantity measured in these tests. This meas- 
ured quantity is the maximum drop in sound-pressure level 
between the exhaust pipe and the tailpipe. The calculated 
difference can be applied as a correction to the experimental 
data. The corrected experimental data can then be com- 
pared with the calculated attenuation curves. Although 
this method provides an exact correction for the experimental 
data, it has certain disadvantages. It becomes quite tedious 
because separate correction calculations must be made for 
each separate muffler. Also, each time the muffler type is 
altered slightly, new equations must be derived. "This 
process would become quite difficult and time-consuming for 
some of the more complicated muffler types. For these 
reasons a much simpler method of correction was devised, 
although at some sacrifice in terms of accuracy. This 
approximate correction was obtained as follows: 


Assume that all sound reflection takes place from a single 
point and that the incident sound pressure is unity. If five 
percent of the incident wave is reflected, the maximum 
pressure in the exhaust pipe, which occurs at that point 
where the incident and reflected waves are exactly in phase, 
is 1.05. Then the sound-pressure level in the exhaust pipe 
will be 20 logo E or 0.42 decibel higher than the incident- 
wave sound-pressure level. Ninety-five percent of the in- 
cident pressure will be transmitted, so that the true attenua- 


or 0.45 decibel. The maximum 


0.95 
drop which would be measured experimentally would be 
0.42--0.45 or 0.87 decibel. “Ву this procedure, table I was 
compiled, from which the approximate correction curve shown 
in figure 7 was plotted. This correction has been applied 
to all experimental data presented in Part I of this report. 
Some idea of the magnitude of the error introduced by using 
this approximate correction instead of the exact correction 


tion will be 20 logi 


may be obtained from figure 8, which was calculated for an 
expansion-ehamber muffler. The top curve is the calculated 
difference between the maximum sound-pressure level in the 
exhaust pipe (at the point where the incident and reflected 
waves are in phase) and the sound-pressure level in the tail- 
pipe (see eq. (А13)). The top curve is labeled “measured” 
because this is the quantity which, in the tests, was deter- 
mined directly from experimental measurements. The lower 
eurve shows the true attenuation of the muffler, based on the 
difference between the incident-wave pressures in the exhaust 
and tailpipes (eq. (А10)). The middle curve was obtained 
by applying the approximate corrections (fig. 7) to the 
measured attenuation curve. Note that the difference 
between the exact and approximately corrected attenuation 
curves is quite small at the higher values of attenuation. 
Insofar as was practicable, the attenuation was calculated 
for each muffler tested by the theory of the appendixes, and 
the calculated attenuation curves and corrected experimental 
attenuation data were plotted. A maximum frequency of 
700 cycles per second was chosen for the experiments because 
most of the exhaust noise energy is contained in the range 
below this frequency (ref. 9). 
TABLE L—CALCULATED CORRECTIONS TO MEASURED 
ATTENUATION VALUES (PART I) 


| ааба | | True attenuation. 
pup rri eer 
| Pion db | оп, ured attenuation, 
| i | 
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| 5 [| бз | 
10 2 | 
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Measured attenuction, db 


Figure 7.— Corrections to measured attenuation (Part I). 
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The leakage of room noise into the microphone at the tail- 
pipe measuring stations limited the minimum measurable 
noise level. Consequently, the maximum measured attenu- 
ation for any muffler tested was limited to about 50 decibels 
If the 
tailpipe measuring stations and the microphone had been 
better isolated from external noise and if the muffler walls 
had been rigid and nonconducting to sound, higher values 
of attenuation could have been measured. о attempt was 
made to obtain such measurements because values of attenu- 
ation higher than 50 decibels did not seem important to this 
investigation. Та practice, noise transmission through the 
завет walls prevenis the attainment of even a 40-decibel 
attenuation with the usual thin-wall sheet-metal construe- 
tion. Furthermore, other noise sourees on an airplane are 
normally loud enough so that an exhaust noise reduction of 
the order of 50 decibels is not warranted. 


RESULTS AND DISCUSSION 


The results of this part of the investigation are presented 
in the form of curves of attenuation in decibels plotted 
against frequency in сусіоѕ per second. The curves have 
been calculated by the theory of the appendixes and they are 
accompanied by experimental points. The validity of the 
theory is examined by comparing the theoretical and experi- 
mental results. A sketch of each muffler is shown beside the 
corresponding attenuation curve. The unit of length for the 
dimensions or constants given below the individual sketches 


| 


is 1 foot. The results for the various tvpes of mufflers are 
presented in the following order: 

Expansion chamber (figs. 9 to 11) 

Resonator (figs. 12 to 14) 

Side-branch tube (fig. 15) 

Combinations (fig. 16) 

Large-diameter mufflers (fig. 17) 

The speed of sound was about 1,140 feet per second and 

this number has been used to determine the wave lengths 


) 


corresponding to the frequeneies presented (= 


SINGLE EXPANSION CHAMBER 

The attenuation in decibels of a muffler which consists of a 
single expansion chamber is given by the following formula. 
(appendix A, eq. (A10)): 


ý 1 Бу 2..5, 
Attenuation = 10 logi ре (n en] sin? и] 


This equation indicates that the attenuation increases as the 
ratio m of the chamber area to the exhaust-pipe area in- 
creases and that the attenuation curve is cyclic, repeating 
itself at frequency intervals determined by the length 
of the muffler 7, and the velocity of sound inside the 


Iyf 

muffler c (= ) 
е, 

Effect of expansion ratio.— The effect of varying the ex- 
pansion ratio is shown in figure 9 (a) where m is varied from 
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8.— Computed comparison of exact and approximately corrected attenuation curves for a single expansion chamber, 
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4 to 64. This figure shows clearly that the requirement for 
high attenuation is that the muffler have a large expansion 
ratio. Although the experimental points show some scatter, 
it appears that the theory is valid for muffler diameters as 
large as the wave length of the sound. This region of 
validity includes the region of practical interest in airplane- 
muffler design. The failure of the theory to predict the 
large loss of attenuation for muffler 4 at 700 cycles per second 
is believed to be due to the faet that the theoretical assump- 
tion of plane sound waves is no longer valid. 


The complete solution for the velocity potential inside à 
circular tube shows that there are an infinite number о 
possible vibrational modes for the transfer of sound energ 
Equation (410) is based on the plane-wave mode, which may 
exist at any frequeney. Other modes, which contain angular 
and radial nodes, are also possible at sufficiently high fre- 
quencies. Because the tubes and chambers which make up 
these mufflers are concentric, no vibrational modes which 
involve angular nodes would be expected. If these modes 
are eliminated, the lowest frequency at which any mode 
other than the plane wave can be transmitted without atten- 
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9 
uation is given by f—1.22 T (The basic limiting condition 
is that J, (+ 5)=% where J; is the Bessel function of the first 


E y 2 3 
kind of order 1, which has = 83 for its lowest root.) 


То terms of the wave length, this expression can be rewritten 
as \=0.82d. Thus, the assumption of plane waves is valid 
for wave lengths down to somewhat less than the chamber 
diameter. For muffler 4 the critical frequency given by this 
formula is 694 cycles per second. The experimental results 
show a sudden loss of attenuation between 650 and 700 
cycles per second, which indicates that the appearance of 
this undamped higher vibrational mode has reduced seriously 
the muffler effectiveness. 

Effect of length —The effect of varying the length of the 
muffler is shown in figure 9 (b). The peak attenuation, 
about 20 decibels, is essentially unaffected by the length 
change and js a function only of the expansion ratio. The 
frequency at which this peak occurs is reduced, however, as 
the length of the muffler is increased, The frequency at 
which the peak attenuation occurs is inversely proportional 
to the muffler length. The cyclic nature of the attenuation 
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10 


curve is evident with the attenuation dropping to zero for 
frequencies at which the muffler length equals an integral 


the wave length A2 (+ 


multiple of one-hal ; where x is 


21, 
any integer). The experiment and theory agree throughout 


the range tested which includes wave lengths as short as 0.4 
of the muffler length in the case of the longest muffler. The 
theory contains no assumptions which directly limit this 
length. From the scale sketch of muffler 5, however, which 
has a diameter twice its length, it might appear that the 
sound waves inside the chamber would hardly be plane 
waves, Nevertheless, the experimental points are in good 
agreement with the plane-wave theory. Inasmuch as agr 
ment is shown throughout the frequency range investigated 
(A=0.4/, to 571), there appears to be no practical length 
limitation on the plane-wave theory for expansion chambers. 

Effect of shape.— The effect of shape variations is shown 
in figure 9 (c). Tapering either or both ends of the chamber 
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has little effect on the muffler performance except for some 
loss of attenuation near 700 eycles per second. The acousti- 
cal length of these mufflers was measured from the longi- 
tudinal center of the tapered sections. Although the 
mufllers are relatively insensitive to the steep tapers tested, 
it is probable that long slender tapers would act as horns 
and would tend to reduce the muffler effectiveness severely 
at the high frequencies. This effeet is demonstrated in 
figure 10, which shows the attenuation for conical connectors 
as a function of the wave length, taper length, and expansion 
ratio. The curves of figure 10 were calculated from the 


equation 
1—cos А 
P 2l * 
СД 


i (m —1Y 
Attenuation— 10 logis S m--i 
ут 


[27 
У 


1 А : Р 
where "= and o=4r 5 This equation was derived from 
1 


( 


equation (3.97) on page 86 of reference 1. 

Changing from a circular to approximately elliptical cross 
section with the eross-sectional area held constant resulted 
in а loss of attenuation above 600 cycles per second (muffler 
11, fig. 9 (с)). At this frequency the wave length is slightly 
less than the length of the major axis of the ellipse. The 
loss of attenuation is probably due to the appearance of a 
higher-order vibrational mode as was found in the case of 
muffler 4. The solution of the wave equation in elliptic 
coordinates (ref. 10) shows that the critical frequency for 
the mode which was found to limit the circular muffler 4 
(the Н, mode in electrical terminology) is actually increased 
as the chamber becomes elliptic, whereas the measured 
critical frequency for muffler 11 is much lower than for a 
circular muffler of the same perimeter. Thus, some other 
vibrational mode, with a lower critical frequency, must be 
responsible for the loss of attenuation of muffler 11 above 
600 cycles per second. The lack of circular symmetry in 


characteristics of truncated 


ref. 1, p. 86.) 


Figure 10.—Acoustical 


cone. (Вес 
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tbe elliptic case suggests consideration of the elliptical modes 
comparable to the unsymmetrical circular modes. Reference 
10 describes two such modes oriented at right angles to each 
other. The mode which most closely matches the measured 
critical frequency is the odd Па mode. 

In eonnection with the effect of changes of shape, reference 
9 shows that large flat walls should be avoided wherever 
possible because of their tendency to vibrate and thus 
transmit. exhaust noise energy to the atmosphere. 


MULTIPLE EXPANSION CHAMBER 


Equations are developed in appendix À for the attenuation 
of double expansion chambers with external connecting tubes 
and with internal connecting tubes. The method used in 
appendix À may also be used to develop equations for three 
or more expansion chambers connected in series. The data 
to be presented include calculated attenuation curves for 
the double expansion chambers. 

Effect of number of chambers.—The effect, of increasing 
the number of expansion chambers in a muffler is shown in 
figure 11 (а) where data are presented for mufflers of one, 
two, and three chambers. The maximum attenuation is 
shown to increase as the number of chambers is increased, 
although the addition of the third expansion chamber results 
in only a small increase in the measured attenuation. Ве- 
cause the attenuation of the three-chamber muffler was 
found to be quite similar to that of the tWwo-chamber muffler, 
it appears that the addition of a third chamber will result 
in little increased attenuation for mufflers of practical con- 
struction. For this reason and because of the increased 
complexity of the calculations, the theoretical attenuation of 
muffler 13 was not calculated. A region of low attenuation 
is encountered at the lower frequencies with the multiple 
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(a) Effect of number of chambers. 


Ficure 11—Multiple-expansion-chamber mouffers. 
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MUFFLERS 11 
expansion chambers. This region is predicted theoretically 
and will be discussed further. In the case of muffler 12, the 
calculated values agree fairly well with experiment down to 
a wave length about equal to the length of one of the 
chambers. 

Effect of connecting-tube length with an external con- 
necting tube.—Figure 11 (b) shows the effect of changing 
the length of the tube connecting the expansion chambers 
when this connecting tube is external to the chambers. 
The frequency at which the low-frequeney pass region 
(region of relatively low attenuation) occurs is shown to 
decrease as the length of the connecting tube is increased. 
An approximate formula for the upper-frequency limit, 
which is called herein the cutoff frequency, of this low-fre- 
quency pass region has been developed and is included as 
equation (A18) in appendix А. Cutoff frequencies deter- 
mined from this equation are compared with those determined 
from the more exact equation (А17) in table П. The 
maximum attenuation in the first attenuating band above 
the low-frequency pass region is shown to inerease as the 
connecting-tube length is increased. With the longer con- 
necting tubes, regions of low attenuation, with a width of 
50 cycles per second or more, occur between the large loops 
of the attenuation curves. These pass bands would be 
objectionable in a muffler if a significant amount of exhaust 
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TABLEIL—CUTOFF FREQUENCY FOR DOUBLE EXPANSION. 
CHAMBERS 
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noise was present within these bands. The calculations and 
experiment: are in agreement. down to a wave length about 
equal (0: ће length of one of the chambers. 


Effect of connecting-tube length with ап internal connect- 
ing tube.—Figure 11. (c) shows the effect of connecting-tube 
length when the connecting tube is symmetrically located 
inside: the -expansion: chambers. ТВе low-frequency pass 
region is again present and the frequency at which. it occurs 
is again lowered. ав the connecting-tube length. is increased. 
The cutoff frequency may be found approximately by using 
the same formula. as in the case of the external connecting 
tubes (appendix A)... The maximum attenuation in the first 
attenuating. band: above the low-frequency pass region is 
again increased as the connecting-tube length is increased. 
Also, pass regions are again encountered at the higher fre- 
quéncies; The calculations again seem. valid throughout 
most of the range investigated. When extremely high values 
of attenuation” are. calculated, the. measurements. are not 
accurate because of limitations of the apparatus. (бее sec- 
tion entitled “Methods and. Tests.") . Very interesting re- 
sults were obtained. with muffler 19; for which the connect- 
ing-tube length was the same ав the chamber length... The 
pass frequency. аб about: 280 cycles рег second, which is 
due to ‘half-wave resonance of the expansion: chambers, was 

eliminated.: Although the attenuation did decrease in this 
|; region, the minimum attenuation measured. was. 27 decibels. 
The elimination of this pass region could prove quite useful 
in the design of.& muffler which is required to attenuate 
over a wide frequency band. Further calculations and ex- 
periments. have been made. to investigate this phenomenon. 


Effect.of having the internal-connecting-tube length equal 
to the chamber length.—Results are shown in figure 11 (d) 
for four mufflers of different’ expansion ratios and lengths 
which had the common feature of an internal connecting 
tube of the same length as one of the expansion chambers. 
‘The results show, in all cases, that the pass region which 
normally occurs when the length of the expansion chamber 
is one-half the wave length is eliminated. This region is 
replaced by a region of reduced attenuation. The calcula- 
tions for muffler 23 show that this phenomenon again occurs 
when the muffler length is 3/2 times the wave length. The 
pass region which occurs when the muffler length is equal 
to the wave length is not affected. The calculations show 
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(c) Effect of conneeting-tube length with an. internal connecting tube. 
Equation (A17). 


FicumE 11.— Continued. 


regions where the attenuation increases rapidly to infinity. 
Except for some discrepancy shown by the lower attenuation 
points in these regions, the calculations: agree moderately 
well with the measurements down to a-wave length about 
equal to the length of one of the chambers: The: experi- 
ments, "which. were: performed in advance of the detailed 
attenuation. calculations, do not show points of extra- 
ordinarily high attenuation in these regions. А careful 
experimental survey which has since been made on another 
muffler of this general type, however, revealed in each such 
region a point of very high attenuation which was so sharply 
tuned that it appears to have no practical value. 

Figure 9 (b) shows that, if a broad attenuation band is 
desired with a single expansion chamber, the chamber 


| length should be reduced, but this reduction lowers the 


attenuation at low frequencies. If a longer double expan- 
sion chamber of the type shown in figure 11 (d) can be used, 
a broad attenuation band may be obtained without the loss 
of low-frequency attenuation, if the cutoff frequency is not 
too high. (Compare mufflers 6 and 19.) 
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( Mufflers with internal connecting tubes equal in length to the 
individual chamber lengths. Equation (A17). 


Treure 11,—Coneluded. 


PRINCIPLES OF SINGLE-CHAMBER RESONATORS 


Figure 1 (b) is a sketch of a typical resonator-type muffler 
which consists of an enclosed volume surrounding the ex- 
haust pipe, the volume being connected to the exhaust pipe 
through two short tubes. The pressure fluctuations in the 
exhaust pipe are transmitted to the volume chamber through 
the two small connecting tubes. Since these tubes are short 
compared to the wave length of the sound, the phase differ- 
ences between the two ends of the tubes can be neglected. 
Thus, the gas in the tubes can be considered to move as a 
solid piston of a certain mass upon which the tube walls 
exert a certain viscous or friction foree. As this effective 
piston of gas moves in and out, the gas inside the volume 
chamber undergoes alternate compression and expansion. 
The attenuation of such a resonator ean be computed by 
substituting equations (B7) and (B8) into equation (B4) of 
appendix B. Ina large number of practieal cases, the fric- 
tion foree between the air and the walls of the connecting 
tube is sufficiently small that it can be neglected in compat- 
ison with the mass forces acting on the air in the connecting 
tube and the compression forces within the volume chamber. 
Beeause of this fact, the equation for the attenuation of 
a frictionless resonator is also presented in appendix B 
(eq. (В10)). 


Single resonators of two very different physical configura: 


d23362—85——3 


э 


tions were investigated. The first configuration ‘consisted 
of a resonant chamber located as a branch from the exhaust 
pipe. These resonators were, in general, relatively small 
and the caleulations included viscous forces in the connecting 
tubes. In the second configuration, the resonator was an 
apnular chamber surrounding the exhaust pipe (fig. 1 (b)). 
The resonators of this configuration were generally somewhat 
larger than those of the first configuration and viscous forces 
were omitted from the calculations. 


BRANCH RESONATORS 


Effect of varying resonator volume.—The effect of varying 
the chamber volume of a resonator is shown in figure 12(a). 
The ealeulated and experimental curves аге in general agree- 
ment although there is here, as in the succeeding data of 
figure 12, а general tendency for the muffler to give a higher 
than calculated attenuation at frequencies above resonance 
and a lower than calculated attenuation at the resonant fre- 
quency. As the calculations indicate, decreasing the volume 
V raises the resonant frequency. These resonators are quite 
effective at the resonant frequency but the attenuation falls 
off rapidly at lower or higher frequencies. 

Effect of varying с, and V with the ratio усь/У constant.— 
Figure 12(b) shows the effect of varying со and V together 
while keeping their ratio constant. The resonator equation 
states that the resonant frequency of a group of mufflers 
should be constant if the ratio y¢o/V is constant. This ratio 
will be called the resonance parameter. Mufflers 27 and 25 
are found to have the same resonant frequeney, but muffler 
27 has a broader region of attenuation. This broader attenu- 
ation region is predicted by the theory and is due to the 
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(а) Effect of volume Г. Equation (B4). 


Froure 32.—Single-chamber resonators with resonator ehambers. 
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arger values of both c; and V for muffler 27. The value of 
the parameter усо /25, which will be called the attenuation 
paraméter, is increased to more than twice that for тает 25. 
Тһе data for muffler 28 show a decrease in the resonant 
frequency. This apparent contradiction of the theory is 
due to the fact that the connecting tube in muffler 28 is not 
negligibly short compared to the wave length. The calcu- 
ated attenuation curve for muffler 28 was obtained by taking 
into aecount the wave nature of the sound flow in the соп- 
necting tube. (Зее appendix B, eq. (B11).) At the resonant 
frequeney of this muffler, the length of the connecting tube 
is of the order of one-fifth of the wave length. 

Effect of varying cross-sectional area of the connecting 
tube.—Increasing the connecting-tube area increases со; 
thus, the values of both the resonance and attenuation 
parameters ус” and ус /28 are increased. Consequently, 
the resonant frequency is increased and the attenuation 
region becomes broader (fig. 12(c)) А comparison of 
mufllers 29 and 30 shows that, if an attempt is made to 
obtain low-frequency attenuation simply by decreasing c», 
the result may be very disappointing. Both the magnitude 
of the attenuation and the width of the attenuation region 
decrease as со decreases. 

Effect of varying length of connecting tube.—Increasing 
the connecting-tube length decreases со and, therefore, has 
the opposite effect from an increase of the connecting-tube 
area. This is shown in figure 12(d). Note again that, when 
the resonant frequency is decreased without changing the 
volume, the attenuation region becomes narrower. 
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Effect of changing connecting-tube configuration with 
со held constant.— Although the conductivity со, is an im- 
portant quantity in the attenuation equation, the physical 
configuration of this conductivity enters into onlv the 
viscous resistance term which is very small for most of the 
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resonators tested. Thus, the characteristics of a resonator | 
are theoretically nearly independent of the manner in which | 
the conductivity is obtained. The actual effect of changes 
in the physical configuration of the conductivity was investi- 
gated by testing three mufflers which had different connect 
ing tubes but the same e and V (fig. 12 (е). Although | 
mufflers 26 and 33 give about the same results, muffler 34, 
which has the smallest connecting tube, gives less attenua- 
tion than either of the other mufflers. In this connection, 
a definite, though often unrecognized, limitation of the 
linearized acoustic theory is of interest. If the three 
resonators in figure 12(e) are to have the same attenuation, 
it is necessary that the mass flow in the connecting tubes | 
be the same, But this condition requires a higher velocity | 
as the tube diameter is reduced. Inasmuch as the linearized | 
theory requires that the changes in velocity, pressure, and 
density be small, it follows that for a given pressure in the | 
exhaust pipe a limiting tube diameter exists below which the 
velocity is so high that the theory is not valid. This 
phenomenon has an important bearing on tbe design of 
engine-exhaust mufflers. ‘The velocity in a connecting tube 
of fixed diameter will inerease as the sound-pressure level 
in the exhaust pipe inereases. Inasmuch as ihe sound 
pressures inside an engine exhaust pipe are extremely high, 
care must be exercised to avoid a connecting tube which | 
js too small to permit the required flow into and out of the 
chamber. Apparently this muffler limitation has never been 
investigated on an actual engine. Muffler configuration | 
30 of reference 9, however, is interesting in this connection. 
The performance of this muffler was initially disappointing, | 
but when additional conductivity holes were added (con- 
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(е) Effect of varying connecting-tube area and length together, with 
со constant, Equation (B4). 
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figuration 31, ref. 9) the attenuation was markedly improved, 
even though the со was much larger than was desired. 
Perhaps this muffler would have been even better if the 
X-inch orifices had been replaced by а few tubes of Матев 
to i-inch diameter which had the same со as the X-inch 
orifices. 

CONCENTRIC RESONATORS 


In general, the resonators so far discussed have had 
relatively narrow attenuation bands. They would be 
useful in quieting а fixed-frequency noise source but are 
inadequate for use on a variable-speed engine or even on а 
fixed-speed engine with objectionable noise spread over a 
wide frequency band. For engines of these types a much 
broader attenuation band is desired. Basically, а broader 
band requires increased chamber volume and conductivity. 
Results are presented in figure 13 for single-chamber reso- 
nators of larger volume than those presented in figure 12. 
The mufflers shown in figure 13 are of conventional arrange- 
ment with the chamber located concentric with the exhaust 
pipe. 

Effect of varying усо 


7/28 with the resonance parameter 


constant.— The data of figure 13(a) show the expected 
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(a) Effect of varying the altenuation parameter - with the 


resonance parametcry * constant. Equation (B10). 


Ficere 13.—Single-chamber with 


concentric with tailpipe. 
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ye attenuation region as the value of the 
ameter inereased while the resonance 
“is kept constant. The resonant frequency 
predieted by the theory. Viscous forces were 
omitted from the caleulations for these and all other mufflers 
shown in figure 13. 
А similar investi 
tuned for a higher 


аг: 


is 


was constant as 


gation was made with the resonators 
frequency and with orifices used for the 
f tubes (fig. 13 (b)). All four mufflers 
resonant frequency of 280 cycles per 
40 and 41 resonate at higher frequencies 
n each of these two mufflers the conductivity was much 


connector instead о 
were designed for 


second, but mufflers 


nigher than was expected, This result illustrates a serious 
problem in muffler design-—that of predicting the conduc- 


tivity of a group of orifices. 
further after the multiple-resonator dala have been discussed. 
Tho calculated curves for mufflers 40 and 41 were obtained 
»y using the со as determined from the measured resonant. 
requeney and the chamber volume. No definite resonant 
Irequeney was observed for muffler 42. 

The measured attenuation of mufflers 41 and 42 falls 
selow the calculated curves in the region near 600 cycles per 
second. The chamber is about one-half wave length long at 
this frequeney and thus violates the theoretical assumption 
that the dimensions of the chamber are small compared to 
the wave length of the sound. Muffler 40, however, does not 
show this loss of attenuation at 600 eyeles per second. 


This problem is considered 
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(b) 


Effect of varying Eqnation (B10). 
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Effect of varying the chamber length and connector loca- 
tion with the chamber volume constant.—A group of mufflers 
was investigated in which the length and diameter of the 
resonator chamber and the location of the connector were 
varied while holding the chamber yolume and the connector 
| configuration constant (fig. 13 (с)). The measured attenua- 
tion of muffler 41 agrees with the calculated values except for 
the previously mentioned dip at 600 cycles per second. 
| resonator theory gives the same calculated attenuation for 
all of the mufflers shown in figure 13 (с). Actually no two of 
the five mufflers have the same measured attenuation. The 
explanation is found in the length of these mufflers. At the 
frequeney at which muffler 41 resonates, the length of muffler 
43 is about two-thirds of the sound wave length: therefore, 
it seems necessary to consider the wave nature of the sound, 
With this consideration, it is found that, when the distance 
from the connector to the end of the chamber is approxi- 
| mately one-fourth wave length, the reflection from the closed 
end of the chamber is 180? out of phase with the incoming 
pressure wave at the connector location. This results in 
high attenuation. For the configuration of muffler 45 
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(centrally located connector), this condition occurs when the 
muffler length is one-half the sound wave length. Inasmuch 
as this condition is satisfied at a frequeney lower than the 
resonant frequency predicted from the values of со and V. 
the fact that the resonator calculations fail to predict. the 
characteristics of this muffler is not surprising. 

Because the resonator theory was inadequate for muffle: 
43 to 46, it was necessary to develop a different theory, based 
on the distributed impedance of assumed plane waves in the 
chambers. An equation derived for this case (appendix B, 
eq. (B13)) was used to ealculate the attenuation of mufflers 
43 to 46. In applying equation (B13) to the mufflers with 
the со in the center (mufflers 43, 44, and 46), the chambers 
were considered to be the equivalent of chambers of twice the 
cross-sectional area and ha e length of the actual chambers. 
Thus m was replaced by 2m, 5, by 28,, and h by 44 in making 
the calculations. The value of ca for these mufflers was 
first assumed equal to the measured со value for muffler 41, 
because the hole configurations were identical. "The result- 
ing attenuation curves are shown by the solid lines in figure 
13 (c. The calculated curves (solid lines) did not give the 
correct resonant frequencies, Consideration of the sketches 
of these mufflers indicated that it was probably incorrect. to 
assume a constant со for this group of mufflers. 

A simple consideration ean be used to show that the со is 
a function not only of the connector but also of the objects 
which it connects. Consider a thin baffle, containing а 
small orifice, placed in a tube of very large diameter. The 
ca of the orifice then equals the orifice diameter. И, now, 
the diameter of the large tube be continuously decreased 
until it reaches the orifice diameter, the same orifice will 


simply form part of the tube and the ¢ will be infinite. 1n 
figure 13 (©), the effective area ratio between the exhaust 
pipe and the outer chamber varies from 27.7 to 4.3, and it 
seems reasonable to expect that as this ratio decreases and 
the pipe and chamber areas become better matched the Co 
for the same orifices, will increase, As а test of this reason- 
ing, the attenuation was calculated for muffler 43 by using 
046.60 and for mufflers 44, 45, and 46 by using the limiting 
value e. Comparison of the dashed and solid curves 
with the experimental data shows that the e; must be much 
higher for these mufflers than for muffler 41. 

A comparison of the simple resonator theory with the 
more exact plane-wave theory will help to define the limita- 
tons of the simple theory, which is a “lumped impedance” 
theory, The impedance of the volume chamber is given as 


cot Kf. 


by the plane wave or “distributed impedance" theory. (note 
second term of eq. (В12)). И the assumption is made that 


© 


tan KL ў the chamber impedance becomes 
‚ре ре 
в. ==. 
wsz al 


This is the value used in the lumped-impedance theory, and 
the difference in chamber impedance is the only difference 
between the two theories. When / is one-eighth of the 


sound wave length, this difference is about 10 percent of 
the chamber impedance, and the error increases as the ratio 
LI increases. Because cot kh is a evelie function, the 
distributed-impedance theory predicts a series of resonant 
frequencies, whereas only a single resonant frequency 18 
predicted by the lumped-impedance theory. The exper 
mental results show that with the appropriate value for со 
the distributed-impedanee theory is valid throughout the 
frequency range for mufflers 43 to 46, inclusive. 


Comparison of the two theories indicates that the lumped- 
impedance theory is valid in the region near and below the 
first resonant frequency if А is less than one-eighth of the 
wave length at the resonant frequency. In order to compare 
further the two theories, the attenuation of muffler 41 has 
been caleulated by both methods. The value of en computed 
by the distributed-impedance theory from the measured 
resonant frequency, was found to be almost double the value 
that was used in the lumped-impedance calculation (fig. 
13 (©)). The attenuation caleulated with this higher value 
of ¢ in the distributed-impedanee equation (B13), however, 
differed from that calculated with the lumped-impedance 
equation by a maximum of only 1.4 decibels at a frequency 
of 700 cycles per second, Thus. in the case of muffler 41, 
the lumped-impedance theory has been extended to a case 
where / is 0.175 times the resonant wave length by the 
expedient of using a fictitious value of ¢ that is much lower 
than the actual со as given by the distributed-impedance 
theory. This fictitious value of e, was determined by using 
the equation 


from the Jumped-impedance theory and by using the meas- 
ured resonant frequency to determine Ё,. 

A comparison of the results for mufflers 44 and 45 shows 
that the attenuation region between two consecutive pass 
regions is wider when the conductivity is in the center of 
the muffler than when it is at one end, because of a decrease 
in the effective chamber length and an increase in the effec- 
tive area ratio. The effect of the difference in chamber 
length, which changes the resonant frequeney, ean be climi- 
nated by dividing the width of the attenuation region for a 
particular mufler by the resonant frequency of that muffer. 
A comparison on this basis shows that in the first attenuation 
band mufller 44 provides 10 decibels or more of attenuation 
over a frequeney range of about 1,2 times the resonant 
frequency, while muffler 45 provides this attenuation over a 
range of only 0.8 times the resonant frequency. This 
difference in relative width of the attenuation bands is due 
to the difference in the effective area ratios. Mufflers based 
on this phenomenon of plane-wave resonance of the chambers 
are discussed further in а subsequent section of this report. 

Venturi-shaped central tube.— The data that have been 
presented show that the width of the attenuation band can 
be increased by increasing the value of the attenuation 
parameter ych 


S. И в obviously possible to increase the 
value of this parameter without inereasing the external size 
of a muffler if the area S is reduced. А significant reduction 
of the exhaust-pipe and tailpipe area is, however, impractical 
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or most aircraft engines because of the resultant increase in 
engine back pressure. Ап idea for avoiding this difficulty 
‘has nevertheless been devised. Tt was believed that a 
significant decrease in the central-tube area at the connector 
location might be obtained without excessive back pressure 
if the central tube of the muffler were built in the shape of a 
venturi with the connector located at the throat. The 


‚ acoustics of such a muffler were investigated by designing 
and testing a muffler with the same external dimensions as - 


muffler 40 but with a venturi-shaped central tube which 
reduced the area at the connector by a factor of four. The 
data of figure 13 (d) show that the modified muffler 47 
provides much more attenuation than muffler 40. This 
increase is particularly striking in the region above the 
resonant frequency. For comparative purposes, a theoretical 
curve is shown. which gives the attenuation of a muffler 
having the same values of со and V as muffler 47 but which 
has an exhaust pipe of constant diameter equal to the 
minimum. diameter (1.5 in.) of the pipe of muffler 47. For 
frequencies above about 70 percent of the resonant frequency, 
muffler 47 provides approximately the attenuation of such 
а muffler. Thus, in cases where some additional back 
pressure is permissible, the venturi-shaped central tube is a 
powerful means for increasing the attenuation of a muffler 
of fixed external dimensions. Design curves based on 
equation (B10) show that a significant attenuation increase 
is obtained if the area is reduced by a factor of two. 


MULTIPLE RESONATORS 


If it is desired to increase the amount of attenuation from 
a resonator-type muffler, one obvious possibility is to com- 
bine two or more resonators in a single muffler. A muffler 
of this type with two consecutive identical resonators is 
discussed in referenee 8. An equation for the attenustion 
is included along with other approximate equations useful in 
the preliminary design of such mufflers. The attenuation 
equation of reference 8 has been modified in appendix B 
(eq. (В15)) to emphasize the important parameters. Та 
addition to the attenuation parameter 4c V/2S and the 
resonance parameter ус 7, the distance between connectors 
l is found to be a third important parameter. The attenua- 
tion is directly proportional to the number of resonant 
chambers in the muffler. The validity and range of appli- 
cation of this attenuation equation have been investigated 
by testing a group of mufflers of the multiple-resonator 
type (fig. 14). 
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(4) Effect of venturi-shape contraction in 
Equation (B10). 


FiavRE 13.— Concluded. 


central tube. 


Effect of number of chambers.—The calculated and meas- 


.ured attenuation characteristics of mufflers composed of 


one, two, and three consecutive. resonators are. shown in 
figure 14 (a). For the single-chamber resonator, muffler 48, 
the attenuation has been caleulated by. both the multiple- 
resonator equation and the equation used in the preceding 
section for single resonators. The single-resonator equation 
is fairly accurate for wave lengths longer than 4 but is 
considerably in error for shorter wave lengths (higher fre- 
quencies). As would be expected, however, it does predict 
the resonant frequency. The multiple-chamber equation is 
inaccurate through most of the range but predicts the 
resonant frequency and the pass frequencies accurately. 
Inasmuch as the multiple-resonator formula is derived for 
an infinite filter of identical chambers, the experimental 
results show that a single resonator produces less attenuation 
than is predicted for one resonator of an infinite filter. 

The data for mufflers 49 and 50 show that the attenuation 
increases with the number of chambers. Limitations of the 
apparatus prevented the measurement of the extremely high 
peak attenuation of these mufflers. General agreement wita 
the theory is found except at the higher frequencies. There 
is some question as to the cause of the loss of attenuation 
at high frequencies. Since the attenuation, even though: 
less than predicted, is still quite high, it is not certain that 
failure of the attenuation equation is responsible. Vibration 
of the muffler walls may be transmitting high-frequency 
sound into the tailpipe. Also, the leakage of external noise 
into the microphone at the measuring stations, which limited . 
the maximum measurable attenuation at lower frequencies 
to about 50 decibels, may have increased at the higher 
frequencies, so that the measurable attenuation is limited 
to somewhat less than 50 decibels. 
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(a) Effect of number of chambers. 


Ficure 14.— Multiple-chamber resonators. 
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Effect of diameter with resonance parameter constant.— 
If the diameter of the muffler is increased while the resonance 
parameter remains constant, the value of the attenuation 
parameter will increase. The experimental data of figure 
14 (b) confirm the theoretical prediction that this increase 
in the value of the attenuation parameter will result in an 
increase in both the magnitude of the attenuation and the 
width of the first attenuation band. The low frequency 
cutoff occurs at lower frequencies as the diameter is in- 
creased. The cutoff frequency for these three mufflers has 
been computed in three different waa The results are 
shown in the following table: 
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This table shows that for these particular mufflers equa- | 
16) is sufficiently accurate for preliminary design | 
The assumption made in obtaining equation | 


tion (D 
ealeulations 


(B3) of reference 8, however, is not permissible for these 


mufflers. | 


Although both mufflers 51 and 52 show a sharp drop in 
measured attenuation at the predicted cutoff frequency, the | 
attenuation does not drop to zero until well below the pre- | 
dicted eutoff frequeney. This lack of agreement may be 
due to the fact that the mufilers had only two chamber 
whereas the theoretical cutoff frequency was based on an | 
infinite number of chambers. It is known that for a single | 
chamber the cutoff frequency is zero, and it seems plausible | 
that f; may approach the predicted value only ав the number | 
of ehambers becomes large. 
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Effect of length.—Mufllers 53 and 54 differ in both length 
and volume but the resonance parameter has been kept con- 
stant (fig. 14(с)). Comparison of these two mufflers shows 
that increasing the length decreases the frequeney at which 
the first upper pass band occurs, The attenuation character- 
isties of muffler 55 are of an altogether different type. It 
has been pointed out in connection with single resonators 
that an attenuation eurve of this буре is characteristic of 
mufflers in which the plane-wave nature of the sound in the 
chamber is predominant. Muffler 55 is so long that the 
plane-wave resonance occurs in the chambers at a lower 
frequency than the volume resonance. Consequently, it 
has been necessary to consider the wave nature of the sound 
field in the chambers in making the calculations. This was 
accomplished by making use of equation (B12) for the branch 
impedance. The dashed curve shows the attenuation of 
two chambers of an infinite filter and was obtained by sub- 
stituting equation (B12) for Z, in equation (B14). The 
solid curve shows the attenuation of a two-chamber mufller 
terminated by an infinite tailpipe and was obtained by using 
equation (C8) in equation (C7). The branch impedance 
was again obtained from equation (B12). The attenuation 
of muffler 54 has also been computed by using equation 
(B12) for the branch impedance. The results, shown by the 
dashed curve, indicate that the sudden increase in attenuation 
at frequencies of 320 and 600 cycles per second is due to 
length resonance in the chambers. 
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Muffler 56 differs physically from muffler 54 in length 
alone. This decrease in length, however, affects all three 
muffler parameters. The result is an increase in the cutoff 
frequency, an increase in the resonant frequency, an increase 
in the width of the first attenuation band, and an increase in 
the width of the first upper pass band. 

Effect of conductivity Figure 14(d) presents results for a 
group of mufflers identical except for values of со. In ail 
cases, tubes were used to obtain the conductivity. In 
general, the effects of increasing the conductivity are cor- 
rectly predicted by the theory. For instance, both the ex- 
periment and the theory show that the cutoff and the resonant 
frequencies are raised, the first attenuation band is widened, 
and the first upper pass band is narrowed. The attenuation, 
however, did not drop completely to zero at the calculated 
cutoff frequency. Muffler 57, which had а very low con- 
ductivity, failed to produce the high attenuation predicted 
near the resonant frequency. This is believed to be due to 
viscous effects. Another indication of the effect of viscosity 
is obtained by comparing mufflers 59 and 60. Although 
both mufflers had the same values of со, muffler 60, which had 
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Figure 14.— Continued, 
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larger diameter tubes, gave more attenuation at frequencies 
near resonance. The first attenuation band extended to 
higher frequencies than were predicted for both of these 
mufflers, although the attenuation was less than 10 decibels 
at these higher frequencies. 

Figure 14(e) shows results from a group of mufflers 
to those shown in figure 14(d). In this ease, however, orifices 
were used to obtain the conductivity. The trends are quite 
similar to those shown in figure 14(d). Note from the ex- 
perimental data that, if the value of c is sufficiently high, 
the first upper pass band is narrowed until it is almost elini- 
inated. At the same time, however, the cutoff frequency 
is continually increased. 


similar 


Elimination of the first upper pass band.— Consideration of 
equation (B15) indicates that it might be possible to elimi- 
nate the first upper pass band (sin kl,=0) by choosing 


the resonant. frequency such that LA when sin kh=0. A 


КА 


case of this type is shown in the design curve for Дет. In 
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the usual construction of mufflers of this type; however, 

the chamber length is equal to h. Then when Ая, 
T Е | 

Ён and the wave length is one-half the chamber length. 


9 


"Therefore, the chamber cannot properly be considered а 
humped impedance at the resonant frequency. if plane-wave 


approach р (=) 


only as the value of e, approaches infinity (sec eq. (В12)). 
n order to determine whether it is possible in practice to 
eliminate the first upper pass band, mufller 67 we built. 
This muffler was tested after most of the data presented 
yerein had been analyzed. In order to allow the measure- 
of higher values of attenuation than those in the 
s, the experimental apparatus was reassembled 
in another location with t 
in which the measurements were made. The exhaust pipe 
entered the room through a hole in the wall which was 
sealed with sponge rubber. The tailpipe extended out the 
other end of the room through a similar hole. With this 
arrangement, it was possible to measure an attenuation of 
65 decibels. 

Two theoretical curves are presented in figure 14 (9. The 
solid curve, which shows the complete elimination. of the 
pass band, was calculated for ej— о. The dashed curve, 
which shows a very narrow pass region, was calculated for 
29.95. The experimental points follow the solid curve 
up to about 340 cycles per second. In the eritical first 
upper pass region, however, the measured attenuation drops 
from 65 decibels at 340 eycles per second to 29 decibels at 
360 cycles per second, then rises sharply to 51 decibels at 
380 eyeles per second, drops again to 24 decibels at 400 
cycles per second, and then begins to rise again. Both 
the initial drop and the final rise parallel the dashed curve 
(59.95), but the theory gives по explanation. for the 
intermediate peak attenuation of 51 decibels which occurs 
at the point where the dashed curve goes to zero. of 
course the actual behavior of a muffler in this very critical 
region cannot be accurately predicted without including 
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left 
inaccurate 


frequency for muffler 67, only (he resistances are 
control the sound flow. Therefore, it 
neglect them in this region. 

The points at about 360 and 400 cycles per second were 
determined by careful survey to be points of minimum 
attenuation. Thus, (he experimental results prove that it 
is possible to obtain significant attenuation in а frequency 
region which is normally a pass band. The second upper 
pass band, however, was not eliminated. 


CONDUCTIVITY PREDICTION 


The results that have been presented show that the con- 
ductivity is а very important physical quantity which 
enters into the determination of both the resonant fre- 
quency and the amount of attenuation for resonator-type 
mufflers. И is unfortunate, therefore, that the conduc 
should be, as has been mentioned in the section entitled 
“Theory,” а somewhat elusive quantity to predict. 


Та an 
attempt to eliminate some of the uncertainty regarding 
the prediction of « it was computed by the following equation 
for those volume-controlled resonators 
well-defined resonant frequency: 


whieh showed a 


та? 


1,3 Ва 


Two values for 8, 7/2 and z/4, were used. Where more 
than one connecting clement was used, the calculated con- 
ductivity of a single clement was multiplied by », the number 
of elements. The results of this calculation are tabulated 
in table IIL along with the values of во that are listed beside 
the corresponding attenuation curves. In each case, the 
listed со was used in calculating the theoretical curve. 

The data of table IIT indicate that, within the range of 
this investigation, when tube connectors are used, 8 may be 
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taken as т/2 with sufficient accuracy for design purposes. 
In the case of orifice connectors, the results are not so 
conclusive. In general, however, it appears that В can be 
taken as 7/2 if only a few orifices are used. The experi- 
ments indicate that, as the number of orifices is increased, 
the conductivity per orifice tends to increase (compare 
mufflers 39 and 40, or mufflers 51 and 47). The determi- 
nation of an accurate method of predicting the value of б 
for a group of orifices would require a study of such param- 
eters as the number, diameter, and spacing of the orifices 
as well as the diameter of the central tube. Until the 
results of such research become available, however, the 
designer should, wherever possible, use only a few tubes or 
orifices, unless he has available the relatively simple equip- 
ment required to determine the resonant frequency experi- 
mentally after construction of a sample muffler. 


TUNED TUBES 


Two acoustical eircuit configurations have been considered 
which make use of the velocity at which plane sound waves 
travel to obtain interference and resulting attenuation, 

Side-branch tubes.—-The first of these configurations con- 
sists of a side branch of constant area with the end closed. 
At a frequency for which such a tube is, for instance, one- 
quarter wave length long, a wave traveling from the exhaust 
pipe to the closed end and back to the exhaust pipe will 
arrive in phase opposition to the incoming wave in the 
exhaust pipe. The interference between the two waves 
results in attenuation, Appendix B gives the equation for 
the attenuation of mufflers of this type (eq. (B13)). The 
attenuation characteristics of three of these mufflers are 
presented in figure 15. For each of these mufflers the tube 
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diameter ts equal to the exhaust-pipe diameter so that the 
area ratio т is one. though attenuation above 20 decibels 
ean be obtained, this high attenuation is limited to very 
natrow frequency bands. Consequently, the mufflers shown 
in figure 15 would not be suitable for variable-speed engines. 


The analysis of the results obtained with resonator-type 
mufflers has shown that several of these mufflers with high 
ratios of length to diameter exhibit the characteristic be- 
havior of tuned-tube mufflers (mufflers 48, 44, 45, and 46 
of fig. 13 (c) and muffler 55 of fig. 14 (е)). These mufflers 
had much wider attenuation bands than the tuned tubes of 
figure 15. The calculations show that this increase in the 
width of the attenuation band is a direct result of the in- 
creased area ratio m. 

Quincke tubes.—The second type of tuned-tube muffler is 
commonly known as the Quincke tube. It consists of two 
tubes of different lengths connected in parallel, with the 
combination inserted in series with the exhaust pipe. This 
arrangement is discussed in reference 1. Because of the 
characteristics of sharp tuning and narrow attenuation 
bands, an arrangement of this type seems unsuitable for an 
engine-exhaust muffler. Consequently, no mufflers of this 
type were included in this investigation. 


COMBINATIONS 


After investigating several types of mufflers, a few 
mufflers were tested which either combined two of the types 
or combined two or more sections of different size but of the 
same type. Mufflers 71 and 72 combined a resonator with an 
expansion chamber (fig. 16 and fig. 1 (d)). "The results show 
the importance of the location of the conductivity for, al- 
though the mufflers are identical in all other respects, the 
attenuation of muffler 71 is much higher than that of muffler 
72. Apparently the entrances to the two chambers are too 
close together in the case of muffler 72. The theory (appen- 
dix С, eq. (C18)) correctly predicts the better effectiveness 
of muffler 71. 

It appeared probable that the requirement of a very broad 
attenuation region could best be satisfied by combinations of 


resonators which were tuned to different frequencies. Con- 
sequently an attenuation equation was developed for a 
combination of two resonators (appendix C eqs, (C3) to 
(C7)), and one such combination was inv ted experi- 


mentally (muffler 73). This muffler is shown. n in figure 16 
and in figure 1 (е). The results show an attenuation of more 
than 10 decibels over an uninterrupted frequeney band of 
width equal to about six times the lowest frequeney of the 
band, in spite of the fact that this muffler is relatively small 
2 inch diameter and 12-inch length). Muffler 73 was also 
tested in the reverse position (muffler 73R), with the high- 
frequency chamber to the front. The results show no ap- 
preciable difference except in the region below the first 
resonant frequency. 


Muffler 74 is effectively a combination of four tuned tubes. 
Phe internal details of this muffler are shown in figure 1 (D. 
Although some attenuntion is obtained over a wide frequency 
band, the attenuation spectrum consists of a series of vers 
sharp peaks and hollows, 
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MUFFLERS FOR A 12-INCH EXHAUST PIPE 


All equations which have been presented include, in one 
manner or another, the assumption that the dimensions of 
certain elements are small compared to the sound wave 
ength. Та order to determine the effect of violating this 
assumption, three mufflers were designed for installation in 
a 12-inch-diameter exhaust pipe (fig. 17). Muffler 75 is a 
arge expansion-chamber-type muffler. Inasmuch as the 
wave motion is accounted for in the expansion-chamber 
equation, it might seem, at first, that no size assumption has 
been made. The discussion of expansion chambers, how- 
ever, showed that the plane-wave assumption carried an 
implicit assumption regarding the diameter. For muffler 75 
the critical frequeney for the first radial mode of vibration 
is 463 cycles per second. The experimental results show а 
oss of attenuation between 400 and 500 cycles per second. 
Below 400 cycles the calculations and experiment are in fair 
agreement, except that the effective length of the chamber 
seems to be somewhat shorter than the actual length. 
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Muffler 76 is a double resonator and muffler 77 is a single 
resonator. For both of these mufflers, the lack of agreement 
between caleulations and experiment is quite pronounced. 
The results show that it is possible to obtain attenuation in 
pipes of this size but they also show that, because of the 
assumptions made, the equations used in this report are not 
adequate to predict this attenuation. Calculations for such 
mufflers must include consideration of other vibrational 
modes in addition to the plane-wave mode. 


JL FINITE TAILPIPE 


For the first part of this investigation, а reflection-free 
muffler termination (an effectively infinite tailpipe) was used 
in order to reduce the number of variables involved. In 
some cases а muffer or filter in а long duct or pipe line may 
have an essentially reflection-free termination. Engine 
mufflers, however, must be terminated in a tailpipe of finite 
length in actual practice. In Part II of this report, there- 
fore, a method is presented which permits the tailpipe to be 
included in the muffler calculations. The validity of this 
method has been investigated experimentally by testing four 
muffler-tailpipe combinations. The dimensions of these 
mufflers are within the limits for which the basic muffler 
theory has been shown to be valid in Part 1. The apparatus 
used in the tailpipe investigation is described briefly and the 
results of the tests are discussed. 


THEORY 


The problem of radiation from an unflanged circular pipe 
has been solved for the case where the incident, sound is of 
the plane-wave mode (ref. 11). It is possible by use of this 
information to compute the tailpipe impedance and, thus, to 
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introduce the tailpipe into the muffler calculations. А less 
accurate, but somewhat simpler, method is to add an end 
correction of 0.61 times the pipe radius to the length of the 
pipe and to assume that the pipe is terminated in a zero 
impedance (total reflection) with a phase shift of 180° 
between the incident and reflected waves. This method is 
justified at sufficiently low frequencies, because the reflection 
coefficient. approaches unity as the frequency approaches 
zero. In order to determine the frequency range within 
which this approximation is applicable, the attenuation of a 
single-chamber resonator with a tailpipe has been caleulated 
by both methods. The results (table 1V) show that the 
approximation gives results within less {һап 0.1 decibel for 
frequencies up to 520 cycles рег second. 'The attenuation 
curve is plotted in figure 18 (а). Note that the caleulations 
have been made for с=2000 fps. This value is typical of 
the speed of sound in the hot exhaust gas from an aircraft 
engine. The attenuation has been based on the ratio of 
the absolute values of the incident-wave pressure just ahead 
of the conductivity openings and the incident-wave pressure 
in the tailpipe. The equation used for the approximate 
calculation is developed in appendix D (eq. (D10)). 

Before proceeding further with the consideration of tail- 
pipe effects, some discussion is necessary concerning this 
basis for calculating the attenuation. The user of a muffler” 
ordinarily thinks of the attenuation due to a muffler as being 
the difference, at some point in the open air, between the 
sound Jevel from an open exhaust pipe and the sound level 
after a muffler has been installed. The sound pressure in 
the open air due to an open exhaust pipe or a tailpipe is, 
at a given frequency, directly proportional to the pressure 


TABLE IV.--COMPARISON OF TWO METHODS FOR CALCU- 
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of the incident wave traveling in the pipe. "Therefore, th 
attenuation сап also be defined as the difference between 
the sound-pressure levels of the incident waves inside the 
open exhaust pipe and the tailpipe. It has been shown that 
the reflection coefficient from the end of an open exhaust 
pipe is nearly unity for the frequency range of this investi- 
gation. Also, for frequencies at which the attenuation of a 
muffler is high, there is a very strong reflection from t 
conductivity location back into the exhaust pipe. (See 
table I.) Now consider an engine to which are attached 
alternately an open exhaust pipe and another exhaust pipe 
of the same length as the open pipe but one that is termi- 
nated in a muffler and tailpipe. The reflected waves in the 
exhaust pipes are very strong in both cases; furthermore, 
the same sound source is feeding the two exhaust pipes and 
the pipes have the same length; therefore, it follows that 
the incident waves wil have about the same strength. 
Thus, it is possible, in approximation, to calculate the 
attenuation as the difference between the sound-pressure 
levels of the incident wave entering the muffler in the 
exhaust pipe and the-incident wave leaving the muffler in 
the tailpipe. This approximation should be valid in the 
frequency range for which the open-pipe reflection coefficient 
is near unity and for which the muffler also provides attenu- 
ation of the order of 15 decibels or more, Although the 
exhaust-pipe length has a very definite effect on the sound 
characteristics of a complete engine-exbaust system, it is 
possible by this method to separate the effect of the exhaust- 
pipe length from the rest of the system. Since the open 
exhaust pipe itself reflects a large part of the sound, it is 
entirely possible that under certain conditions a muffler could 
permit more sound to escape than does the open exhaust 
pipe, with a resultant negative attenuation. A negative 
attenuation value, under the present definition of attenu- 
ation, does not imply that sound energy has been created 
inside the muffler; it means simply that the percentage of 
the sound energy which reaches the atmosphere is greater 
with the muffler installed than it is without the muffler. 

Consideration of equation (D10) (appendix D) has led to 
an idea which may permit the elimination of the first upper 
tailpipe pass band of a single-chamber-resonator muffler и 
the resonator is tuned to the usual pass frequency, then, when 
Мит, both the tailpipe impedance and the resonator im- 
pedance will equal zero. In this event the pass frequency 
may be eliminated. А calculation has been шайе for à 
muffler identical with the muffler of figuve 18 (a), except for 
the large change їп conductivity required to tune the reso- 
nator to the frequency at which k,=7. Тһе results shown in 
figure 18 (b) indicate that the width of the attenuation band 
is nearly doubled. At the same time, however, the cutoff 
frequency is inereased slightly and the magnitude of the at- 
tenuation is lowered in the low-frequency region. Although 
no experimental data are available for this muffler, it seems 
possible, in view of the experimental results for muffler 67 
(fig. 14 (f)), that some attenuation may be obtained near the 
resonant frequency, with the resultant elimination of the 
first upper tailpipe pass band. 

The case of a single expansion chamber with a finite tail- 
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pipe has also been considered, and an equation is presented 
in appendix D for the attenuation of such а muffler, 


MUFFLERS 


Sketches of the mulffler-tailpipe combinations that were 
used in the experimental investigation of the effect of tailpipe 
length are shown in figure 19. These mufflers were designed 
for use on а particular aireraft engine. The design of these 
mufflers will be discussed later in the report in connection 
with a test of these mufflers on the engine for which they were 
designed, The mufflers were made from 3;-inch mild steel. 


APPARATUS AND TESTS 


The experimental investigation of the effect. of the tailpipe 
was conducted outdoors in an open area and in calm air. 
Та these tests, as in the previous experiments, the air inside 
the mufflers was 2t the ambient temperature and there was 
no steady air flow. Hence, these tests will be referred to as 
“cold tests The apparatus that used is shown 
schematically in figure. 20. The eleetronie equipment in- 
cluded an audio oscillator, a power amplifier, а speaker, an 
oscilloscope for monitoring the wave form, and a sound-level 
meter. 

The cold-test data were obtained by sending sound waves 
a single [requency alternately into а muffler and into an 
open exhaust pipe and by taking the difference between the 
sound-pressure level observed in the open air at a distance of 
) inches from the outlet of the muffler tailpipe and that 
bserved at a distance of 20 inches from the outlet of the 
open exhaust pipe. In order to insure that the mufflers were 
tested for the same wave lengths in the cold test as in the 
subsequent engine test, the cold-test frequencies were ad- 
justed to produce the wave lengths for which the mufflers 
were designed. Tn the presentation of the cold-test results 
the experimental frequencies are multiplied by the ratio of 
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the sonic velocity in the actual exhaust gus to the sonic 
velocity in the cold test in order to correct for the Lempera ture 
difference between the two conditions. For the cold test, 
the frequeney range was from 30 cyeles per second to 400 
cycles per second; for the engine test, the frequency range 
having equal wave lengths is 52 to 700 cycles per second, 
The ambient noise level for the cold tests was about 60 
decibels. 
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RESULTS 


The experimental results obtained from the muffler cold 
tesís and the theoretical attenuation predicted for each 
muffler are shown in figure 21. The theoretical curves for 
mufflers 78, 79, and 80, which were computed from equation 
(D10), show that these mufflers were designed to have 
chamber resonances (points of maximum attenuation) at 
approximately 280 cycles per second and tailpipe resonances 
at about’ 400, 580, and 580 cycles per second, respectively. 

А comparison of the experimental and theoretical data 
shows good agreement for these three mufflers. For ex- 
ample, the higher frequency cutoff points, which are а func- 
tion of tailpipe length, are seen to fall very close to the pre- 
dieted frequencies; furthermore, the measured attenuation 
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falls near that computed theoretically at all frequencies ex- 
cept those near the computed chamber resonance. The 
mufflers were not expected to provide the infinite attenua- 
tion calculated at the chamber resonant frequency, the cal- 
culated infinite values occurred only because the viscous 
forces were neglected in order to simplify the calculations. 
With this limitation, it may be concluded that equation 
(010) is valid for predicting the attenuation characteris- 
tics for muffler-tailpipe combinations under the cold-test 
conditions. 

The double-chamber resonator curve computed for muffler 
81 shows two chamber resonant frequencies and no high- 
frequency tailpipe pass bands. The difference between the 
curve shapes for the single-chamber and double-chamber 
inufflers is, of course, due to the changes in the acoustical 
circuit. The attenuation for muffler S1 was computed by 
substituting the tailpipe impedance LY, from appendix D 
for the impedance Z, in the equations given for а combina- 
tion of two resonators in appendix C and working out the 
expression for the attenuation. 

For the cold tests, the two largest mufllers (mufflers 80 
and 81) were wrapped with several layers of felt. In the 
absence of the felt wrappings, the maximum attenuation was 
limited to about 25 to 30 decibels by the radiation from the 
Minch-thiek outer walls. Reduetion of this radiation 
would be an important factor in the desiga of а muffler from 
which a higher attenuation,is desired. 


1. APPLICATION ТО MUFFLER DESIGN 
VARIABLES DEPENDENT ON OPERATING CONDITIONS 


Uader the conditions of the investigations discussed in 
Parts I and П of this report, acoustic theory has been shown 
io predict the performance of several types of mufllers 
within a frequeney range which is governed by the dimen- 
sions of the muffler elements. These investigations were 
designed to allow the study of several of the dimensiona 
variables involved in exhaust muffling. 

In order to isolate the effects of these variables, it was 
necessary to eliminate certaim other variables dependent on 
operating conditions which could be separately investigated 
at some future time. The three major variables which have 
not been discussed are exhaust-gas temperature, exhaust-gas 
velocity, and exhaust-pipe sound pressure. А discussion o 
these variables follows. 


TEMPERATURE 


'The preceding investigations were made at room tempera- 
ture or at atmospheric temperature and the velocity o 
sound was about 1,140 feet per second. The higher tem- 
perature in the engine exhaust gas will result in a higher 
sonie velocity. From the data of figure 8 of reference 9 and 
from temperature measurements made during the engine 
tests described in Part IV of the present report, the sonic 
velocity inside the tailpipe is estimated to be about 2,000 
feet per second. It is believed that the primary effect of a 
change in the exhaust-gas temperature is the corresponding 
change in the velocity of sound, It is necessary m the de- 
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sign of mufflers to use the actual sonie velocity of the ex- 
haust gas. If the exhaust-gas temperature is known, the 
approximate velocity of sound may be determined by using 
the relation which has been found for air c—A94T feet per 
second, where F is the absolute temperature on the Fahren- 
heit scale. 

The caleulations that have been resented have included 
the tacit assumption that the temperature and average den- 
sity in the mufller chambers are the same as those m the 
exhaust pipe. H significant differences are found in prac- 
tice, they can be accounted for by using the most accurate 
available values for р and с at each element in. ealeulating 
the impedance of that element, In this connection, it is 
interesting to note that the impedance of a resonant. cham- 
ber is proportional to ро? (eq. (B5)) But since е is propor- 
tional to T and p is proportional to 7, the chamber im- 
pedanee is independent of T. The connector impedance is 
a function of 7, but, unless it is a long tube, the connector 
will be at the exhaust-gas temperature, Thus, for resonator- 
type mufflers, à temperature difference between the exhaust 
pipe and the chamber would be expected to have little effect 
on the performance of the muffler. 


EXHAUST-GAS VELOCITY 


Та an actual enginc-exhaust-m ulfler installation. the 
haust gas which transmits the sound is in motion, whereas in 
the preceding investigations there was no net flow of air. 
The actual ease may be considered to consist of an alternat- 


ex- 


ing, or sound, flow superimposed on a steady exhaust-gas 
flow, А theoretical approach to the problem of determining 


the effect of the steady flow on the acoustic characteristics 
of an exhaust system has been made in reference 12. No 
experimenta data, however, are included. The conclusion 
of the theory is that the velocity effect is a function of 
41—ÀP, where M is the Mach number of the exhaust flow, 
If the theory is assumed to he essentially correct, the 
following results are obtained. 

Consider first the characteristics of the muffler itself. Iu 
the useful range of expansion ratios. the exhaust-gas velocity 
inside an expansion chamber is much lower than that in the 
must pipe. Because the permissible engine bae k pressure 
limits the Mach number in the exhaust pipe to а value con- 
siderably less than 1, the Mach number inside the expansion 
chamber will be so low that AZ? is negligible when compared 


OX 


with 1. Thus the exhaust velocity will have no appreciable 
effect on the attenuation of a single expansion chamber, Та 
the case of multiple expansion chambers, however, the 


exhaust-gas velocity in the connecting tubes may be high 
enough to alter the muffler characteristics significantly. 
(See ref. 2 for experimental data.) In the resonant chamber 
of a resonator-type muffler there is no steady exhaust-gas 
tow; therefore, the single resonator will not be affected by 
exhaust-gus flow. Tn the case of multiple resonators, 
multiple expansion chambers, the impedance of the connect- 
ing tubes will be affected by the exhaust-gas velocity. 
Consider next the tailpipe characteristics. The tailpipe 
impedance will vary with the flow velovity. This will, of 
course, affect the mufiler instal- 


as in 


attenuation of any practi 
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lation. According to the theory, the main effect of increased 
exhaust velocity is to lower the resonant frequeneles of the 
tailpipe and to reduce the attenuation due to the tailpipe at 
those frequencies for which the tailpipe impedance reaches a 
maximum. On the whole, these effects are probably rela- 
tively small, inasmuch as the tailpipe resonant. frequency 18 
reduced by only 9 percent at a Mach number of 0.3, which 
corresponds to an exhaust velocity of 600 feet per second 
when ¢ is 2,000 feet per second. 


Note that most of the preceding conclusions regarding the 
effect of exhaust-gas velocity must be regarded as tentative, 
because they have been based on an unproved theory. 
Furthermore, the experimental data of reference 2 tend. to 
cast some doubt on the validity of the theory. This uncer- 
tainty shows the need for additional research on the effects of 
exhaust-zas velocity. 


INCREASED SOUND PRESSURE 


In the derivation of the classical acoustic theory. it is 
assumed (hat the sound pressures are very small in com- 
the static pressure of the medium (ref. 1). 
This assumption is made in order to permit the linearization 
of the differential equation of motion. However, in connec- 
tion with engine tests previously made at this laboratory 
(ref. 9) certain nonlinear effects were observed, particularly 
the buildup of sharp wave fronts їп long exhaust pipes as 
evidenced by the explosive character of the sound from such 
pipes. The detection of such nonlinear effects indicates 
that the exhaust sound pressure inside the pipes is high 
enough so that the classical linearized theory may give 
results which are somewhat in error. Further study of the 
behavior of acoustic elements—-resonators, orifices, and 
tubes—in the presence of nonlinear sound fields is required 
before the effects of very high sound pressures on the реге 
of an acoustic system will be quantitatively 


parison with 


formance 
known. 


RELATIVE MERITS OF MUFFLER TYPES INVESTIGATED 


None of the muffler types diseussed should have excessive 
back pressures if the exhaust pipe is the proper size because 
the exhaust gas is not forced around sharp 180° turns. The 
expansion chambers will probably have the highest back 
pressures of the types tested because of the energy ke in 
the expansion and contraction processes but, at least for the 
single expansion chambers, this back pressure should be 
within allowable limits. 


In general, single-chamber mufflers are useful where the 
required frequency range is small; whereas, for high attenua- 
tion over a very wide frequency range, lwo or more different 
chambers will be required in order to obtain attenuation at 
the pass frequencies of the individual chambers and the 
tailpipe. 

Reference 7 indicates that, in the case of engine exhausts 
having large sound pressures, mufflers of the expension- 
chamber type must be used, because the attenuation of a 
resonator is dependent on the existence of small sound pres- 
The experiments of reference 9, however, have shown 


sures. 
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that resonator mufflers can be quite effective in an engine- 
exhaust system, even though the theoretical assumption of 
small sound pressures is violated. (This assumption is 
actually made also in deriving the equations for the attenua- 
tion of expansion-chamber mufflers.) The muffler designer 
is, therefore, not necessarily restrieted to expansion cham- 
bers. The answer to the question as to which type, for a 
given muffler size and a given back pressure, is the more 
effective depends in part upon the relative magnitudes of 
the effects of high sound pressure and of exhaust-gas velocity 
on the two types. 

In case the adverse effects of high sound pressures аге 
found to be excessive for resonators, it is suggested that a 
combination muffler, with the expansion chamber first in | 
order to reduce the sound. pressures entering the resonator, 
may be most effective. (See muffler 67 of ref. 9.) 


MUFFLER-DESIGN PROCEDURE 


On the basis of the theory whieh has been presented, а 
muffler-design procedure was developed. Because some of 
the important variebles have not been investigated as vet, 
the procedure must be judged by the results obtained in 
practical applications. Modifications of the procedure are | 
to be expeeted as а result of experience gained in the appli- 
cations. This procedure begins with the determination of 
а required attenuation spectrum, which defines the noise 
reduction that the muffler is expected to produce. 


REQUIRED ATTENUATION SPECTRUM 


The first step in muffler design is to determine, at à known 
distance from the exhaust pipe, the sound-level spectrum 
of the engine which is to be quieted. "This should be done 
at several speeds and loads within the operating range or, 
at the very least, at the maximum and minimum speeds of 
the normal operating range. In estimating the critical 
operating conditions likely to be encountered from the stand- 
point of noise, it is useful to recall that for a particular engine 
the magnitude of the noise is controlled largely by the engine 
torque, whereas the frequencies are controlled by the engine 
speed (refs. 8 and 9). — 

“After the engine-noise spectrum has been determined, an 
allowable speetrum should be established, consisting of the 
maximum allowable sound-pressure level as a function of 
frequency, The fact that other noise sources (such as engine 
air intake, engine clatter, and the propeller) place a practical 
limit on the attainable reduction in overall airplane noise 
will influence the choice of the allowable spectrum. As the 
desired noise reduction increases, it becomes necessary to 
treat more of these other noise sources. In particular, it 
was necessary to treat both the engine exhaust and the 
propeller to obtain significant noise reduction for the liaison 
airplane of reference 8. i 

The difference between the measured and allowable spec- | 
trums will establish the minimum attenuation which is re- | 
quired at each frequency; this difference will be called the | 
required attenuation spectrum. 


MUFFLER SELECTION 


Compare the required spectrum with the design curves 
(figs. 22 to 24) and select from these curves a muffler design 
which will provide somewhat more than the required attenua- 
tion throughout Ше frequency range. (The use of these 
design curves will be discussed.) In the case of a single 
expansion chamber or resonator, the tailpipe must be care- 
fully selected. From the required cutoff frequency compute 
the necessary tailpipe length by using the approximate 
equations which have been presented (eq. (D6) or (D12)). 
Next, by use of this tailpipe length, determine the location 
of the high-frequency pass bands. If the first pass frequency 
is too low, it will be necessary to choose a larger muffler in 
order that the tailpipe may be shortened or else to add 
another chamber which will provide attenuation at the 
tailpipe pass frequency. If a double expansion chamber or 
multiple resonator has been selected, the approximate equa- 
tions or the design curves may be used to determine the 
cutoff and pass frequencies. Several of the muffler types 
may be considered in this manner in order to determine 
which will result in the smallest muffler that. will provide the 
required attenuation in a particular case. It is usually not 
necessary 10 carry out detailed attenuation calculations 
until the final configuration has been closely approached. 
The detailed calculations will then provide a final check on 
the theoretical suitability of the selected muffler. 

А test of the chosen muffler installation on the engine may 
show that modifications are required, owing to the influence 
of faetors which have not been investigated as yet (in par- 
ticular, the high exhaust-pipe sound pressures), Even with 
the assistance of the information presented in this report, 
it is likely that a certain amount of trial and error will be 
necessary in muffler design when the goal is a very highly 
efficient muffler in terms of attenuation per unit of weight 
or volume. 


DESIGN CURVES 


Three sets of design curves, showing the attenuation of 
mufflers terminated with the characteristic pipe impedance 
Zo, are presented in figures 22, 23, and 24; these curves have 
been caleulated from equations (A10), (B10), апа (В15), 
respectively, of the appendixes. Simple examples will be 
given to indicate how these charts can be used to eliminate 
the need for detailed attenuation caleulations in the prelimi- 
nary stages of muffler design. 


SINGLE EXPANSION CHAMBER 


Figure 22 shows the attenuation of single expansion cham- 
bers in terms of nondimensional parameters. The parameter 
kl, is a combination length and frequeney parameter. The 
other parameter is the expansion ratio т. 

Suppose that a muffler is desired to provide a minimum 
aitenuation of 10 decibels between frequencies of 100 and 
300 cycles per second. An expansion ratio of 9 will provide 
10 decibels at H.=0.S. At three times this value of H, (i. e.. 
11, —2.4), it will also provide about 10 decibels. Phas. m=% 
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is satisfactory. The length of the muffler is determined by 
the fect thet 100 cycles per second corresponds to 1, 0.8, so 


КИСА . 
0.8— 100 (let с=2000 fps, then l= 


с 2r 100 
54 tt). If the exhaust-pipe diameter is 2 inches, the 


that 


expansion-chamber diameter will be 249 or 6 inches. 


1f this muffler is too long, another procedure is possible. 

Let m= hus, the diameter is increased to 10 inches. The 

design curve shows 10-decibel attenuation at £/,— 0.25. 
300 


fe 


At n kle of 10092 0.75, the attenuation is more than 
2 25 
adequate. ‘The length of this mufler will be p: 0000 
За X1 


or 0.795 foot. 
SINGLE-CHAMBER RESONATOR 


Figure 23 shows the ettenuation of single-chamber resona- 
tors in terms of nondimensional parameters. 
ation is plotted against f/f, which is the ratio between the 
sound frequency and the resonant frequency of the resonator. 
Curves are plotted for several values of the attenuation parem- 
eter ус V /28. 

Suppose again that the muffler is desired to provide a 
minimum attenuation of 10 decibels between f=100 and 300 
cycles per second. Та terms of the chart this means that the 
frequency at which the right leg of the attenuation curve 
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The attenu- - 


i 
| 


i 


20 


crosses the 10-decibel line must be- three times the frequency 
at which the left leg erosses the 10-decibel line. The chart 
shows that this requires a value somewhat higher than 3.16, 
say approximately 4, for the attenuation parameter. The 
value of f/f, corresponding to 100 eycles per second will be 
nbout 0.5: 


"Therefore, 


27X182 
2000 


==0.57 i 


‘The exhaust pipe is 2 inches in diameter so that 


"d 
хе хех We 
оу" @ Yea oazà ге 
2x(5 (аз) 40-174 ft 
00.57 X0.174=0.099 ft 
узе 0305 [з 
0.57 


Any combination of length and diameter which will give 
this volume is permissible, as long as the dimensions are not 
too large in comparison with the 300-cycle wave length at 
the exhaust-gas temperature (see experimental results). и 
г length of 1 foot is selected, the diameter becomes 0.645 foot 
or 7% inches. 
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Ficure 22.— Expansion-chamber design curves. 
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Figure 23,—Single-chamber-resonator design curves. 


MULTIPLE-CHAMBER RESONATOR 


Figure 24 shows the attenuation per chamber of multiple- 
ehamber resonators in terms of nondimensional parameters. 
Because three parameters are involved (appendix B), several 
charts are required to describe fully the possible configura- 
tions. Three such charts are presented. 


As an example of the use of these charts, assume that for 
a particular engine spectrum the sound level at the funda- 
mental frequency (100 cycles per second) is to be reduced 13 
decibels. The levels at the other frequencies are to be re- 
duced to the point where the speech interference is nowhere 
greater than at the fundamental frequency. This criterion 
results in a required attenuation of 13 decibels at 100 eycles 
per second, 4 decibels et 200 cycles per second, and zero at 


higher frequencies. The top chart of figure 24 (sho) 


—ifora 


shows that this objective could be met with oS 


"iwo-chamber muffler with /,=100 cycles per second. By 


using these values the muffler dimensions are found as 
follows: 


100. ht 
=0.314 ft- V 


L=- 5,59 16—19 in. 
fo V — m e е аң #42 
Va =2F Go 157 0.0486 ft 
со= 0.314€ 0.0436 — 0.0137 1t—0.164 in. 
0.0436 
/ -————— 3 
V 0.314 0.139 ft 


In order to obtain this volume with a concentric resonant 
chamber 19 inches long, a chamber diameter of 4.5 inches is 
required. The overall length of the two-chamber muffler is 
38 inches. The use of a tube connector seems advisable in 
order to obtain the low со required without creating excessive . 
sound velocities in the connector. 
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IV. ENGINE TESTS 


In order to study the practicality of the design methods 
which have been described and, also, to obtain some idea of 
the size of muffler which is required in practice to provide 
a significant reduction of engine noise, four mufflers were 
designed for and tested on an actual aircraft engine. As 
was stated in the introduction, the engine of a helicopter 
was used for these tests. The design of the mufflers followed, 
in general, the design procedure which has been presented. 


BASIC DATA 


The first step in the design procedure is the determination 
of the engine-exhaust noise spectrum of the unmuffled en- 
gine. In the case of the helicopter the spectrum of the ex- 
Таз noise alone could not be determined. Instead Ше 
overall noise spectrum of the helicopter was measured. This 
spectrum, which includes an unknown amount of extraneous 
noise from such sources аз the engine air intake, rotor blades, 
and engine clatter, is presented in figure 25. 

Temperature measurements showed the speed of sound in 
the exhaust pipe to be approximately 2,000 fps. 


MUFFLERS AND DESIGN 


In order to insure that an adequate test range would be 
covered in the investigation, four resonator-type mufflers 
were designed and constructed. Three of the mufflers had 
single resonant chambers, whereas the fourth had two res- 
onant chambers. The double-chamber muffler was designed 
with the intent to provide enough exhaust-noise attenuation 
во that the extraneous noise level could be measured. Figure 
19 shows schematic drawings of these mufflers. 

The mufflers were designed to give successive increases in 
attenuation and to have the acoustical properties shown in 
the following table: 


| Attenuation parameter, 
Chamber resonant at 
frequency, eps 


MM 
| 


'Tailpipe resonant 


Muffler frequency, eps 


400 


280 | 580 
i | i 280 Y 580 x 00 
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Figure 25.— Unmuffied-helieopter-noise frequency analysis. 
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Mufflers 78, 79, 80, and 81 were made from }e-inch mild 
steel and weighed 12, 17, 21, and 32 pounds, respectively. 
Figure 26 shows the mufflers installed on the test helicopter. 

Tt may be of interest at this point to indicate the method 
used in the design of these mufflers with a specific example 
included for muffler 79. The fact that the test helicopter 
hed two exhaust systems, one exhausting three cylinders 
and the other exhausting four cylinders, did not require the 
design of different mufflers for the two exhaust pipes. Al- 
though the exhaust-pressure pulse from each cylinder con- 
tains components at the individual cylinder firing frequency 
end at harmonics of this frequency, the phase relationships 
are such that, when the pressure pulses of ell seven cylinders 
are combined in the atmosphere, the components at the 
cylinder firing frequency and at many of the harmonics are 
pertielly canceled. The mufflers must attenuate those fre- 
quency components in both exhaust pipes which combine 
to cause undesirably high noise levels in the atmospher 
Consequently, the mufflers are designed on the basis of the 
noise in the atmosphere, rather then that inside the indi- 
vidual exhaust pipes, and, as a result, the two mufflers are 
identical. The seventh harmonie of the cylinder firing 
frequency is referred to es the engine fund amentel frequency. 
The prominence of this harmonic in the unmuffled engine 
noise (see fig. 25) is due to the fact that this frequency is the 
lowest gt which the components of all seven cylinders are 
рез у together in phase. 

(1) The noise spectrum of the unmuffled helicopter (fig. 
25) showed that most of the disturbing noise fell in the fre- 
quency range from 70 to 350 cycles per second and that 10 
decibels of overall ettenuetion would reduce the noise to а 
desired level. The muffler must be made to resonate within 
this frequency bend in order to obtain maximum quieting; 
thus, 280 cycles per second wes chosen for the muffler 
resonant frequency. In order to provide a 10-decibel re- 
duction from 70 to 350 cycles per second, a muffler having 


an attenuation parameter value of approximately 6.0 


was selected from the design curves. 

(2) A tube for conducting the exhaust gases through the 
muffler for filtering must be chosen. The engine-exhaust 
back pressure should be kept small; consequently, a tube 
used for this purpose must be large enough to keep the back 
pressure within acceptable limits. The tubing selected for 
muffler 79 was 2% inches, the same size as the existing ex- 
haust ducting on the test helicopter. It should be noted 


that the attenuation paremeter weer shows thet the internal- 


tube area governs the muffler size for a given attenuation; 
for this reason, the tube should be selected as 81 all as 
practicable. 

(3) In order to obtain the length for this central tube, а 
desired tailpipe length 35 computed and added to the length 
necessary to conduct the exhaust gases to the conductivity 
holes. The conductivity holes mark the origin of the tail- 
pipe for single-chamber mufflers. Before the tailpipe length 
can be computed, however, some specific frequency for tail- 
pipe resonance must be selected. This frequency must. fall 
within a range in which little or no attenuation is needed 
because, as the tailpipe resonant frequency is neared, the 
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асов 26.— Muffler installation. 


muffler attenuation drops to a negative value over а narrow 
band. The tailpipe resonant frequency selected for muffler 
79 was 580 cycles per second. The effective tailpipe length 
is computed as follows: 


A c 200012 : 
„Ме 2000512 00.68 inc 
Ly 3j 330580 20.68 inches 


By applying the end correction Al, =0.61r where r is the 
tailpipe inside radius, the resulting true tailpipe length is 


20.68—0.61(1.125— 0.063) — 20.03 inches 


Inasmucb as the tailpipe length also affects the low- 
frequency cutoff of the muffler, а check is required to see 
whether this cutoff falls within the desired attenuation band. 
The cutoff frequency is determined from equation (D12): 


ә; 
_280__ ==с==88 ceps 
27280 20.68 

2000 12 


Since the cutoff frequency is within the frequency band 
in which muffling was desired, a decision must Бе made as 
io whether it is beneficial to increase the tailpipe length and 
thereby lower the high frequency cutoff or to increase the 
chamber size in order to obtain a small attenuation gain in 
the low-frequency range. The tailpipe length was not 
changed, and the resulting loss of low-frequency attenuation 
was accepted because all available criteria for judging the 
effects of noise agree that somewhat higher noise levels are 
tolerable at low frequencies than at higher frequencies. 

(4) The conductivity factor со determines the muffler 
resonant frequency for a given volume, The equation 


с 
Ру i 
shows the relationship that exists among the conductivity, 
volume, and resonant frequency. With the use of this ex- 
pression and for the values of the parameters chosen, the 
volume and conductivity for mufller 79 can be determined. 
аз follows: 


Solving for Ат 


and solving for ус gives 
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By substitution 
0.260 


Ү=р 380° 


==0.336 cu ft 

This volume and a chosen muffler length of 2 feet were 
used to calculate the muffler diameter, 5.9 inches. For the 
sake of construction simplic the diameter was chosen to 
be 6.0 inches. This diameter change required small adjust- 
ments to be made in the values of volume and conductivity; 
the new values calculated were 0.338 cubic foot and 0.261 
foot for volume and conductivity, respectively. 

(5) The required muffler conductivity was obtained by 
drilling several Халеб holes in the central tube of the muffler. 


т 
In determining the number of holes required, a value of 5 


was used for the constant В in the conductivity equation. 
The calculation follows: 


n=% chosen for muffler 79 
со per Kinch hole 


Experience has shown that there are some effects on the 
conductivity caused by the close spacing of holes which 
often require the number of holes to be changed in order to 
obtain the desired conductivity со, or resonant frequency. 
The actual conductivity со can be determined by experi- 
mental tests. 

(6) After all dimensions for the muffler have been deter- 


mined, the theoretical attenuation characteristics of the 
resonator should be computed and analyzed with the use of 
equation (D10). This equation may also be written in the 
following form: 


Attenuation=10 logi (Ey 
t 


sin (#2) h+ с 


V 
2 
sin? (2) l 
є 


If the predicted attenuation does not conform to the desired 
conditions, small changes in the originally selected design 
values may be made to achieve the desired results, 


—10 logi | 14 59 


бо 


(5) T mA 


7 JV. 


APPARATUS 


The test helicopter (fig. 27) was used as the muffler test, 
bed in this investigation. The tail rotor was removed for 
the tests to prevent its noise from interfering with the sound 
measurements. The noise emanating at the main rotor 
fundamental frequency (13 cps) was known to be of little 
significance in these tests. However, a possibility that the 
higher harmonics of the rotor might interfere with the ex- 
haust noise measurements was recognized. 

The helicopter was powered by a R-550-1, 180-horsepower, 
7-cylinder engine having twin vexhaust stacks. One stack 
exhausted three cylinders and the other, four. Figure 28 
shows a diagrammatic sketch of the field-test setup and 
surrounding terrain. з 


Freurs 27.— Ма Вег 79 installed on helicopter with tail rotor removed. 
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JaounE 28.— Engine-test arrangement. 


The sound measuring equipment used in the field tests 
consisted of а General Radio Company type 159-B sound- 
level meter, a Genera! Radio Company type 160-A sound 
analyzer, and a Western Electrie type 700-А sound-level 
meter and filter set. Both the frequency analysis and the 
overall sound pressure level were recorded on a twin recorder. 
This equipment gave an overall measuring accuracy of about 

.2 decibels when operating under field conditions. The 
response of the equipment was found to drop rapidly for 
frequeneies below 40 cycles per second. А water-cooled 
crystal pressure pickup was utilized to obtain a time history 
of the pressure variation inside the exhaust pipe ahead of the 
muffler. Indications of the exhaust-gas temperatures were 
obtained through use of chromel-alumel thermocouples and 
2 Lewis potentiometer. 


TESTS 


The field tests were conducted before sunrise on the 
Langley landing field. The ambient field noise level was 
approximately 62 decibels at the start of the field tests. 
Changes that may have occurred in the ambient field noise 
after the helicopter engine was started could not be deter- 
mined. The mufller field test included the investigation of 
the four mufflers of different size on the modified helicopter 
to determine the attenuation characteristics of the mufflers 
at an engine speed of approximately 2,200 revolutions per 
minute. In order to determine more fully the conditions 
under which the mufflers were operating, internal exhaust- 
gas sound pressures and temperatures were measured during 
one of the test runs. 

As a further check on the practicality of the muffler design, 
the helicopter was flown with the first three mufflers attached. 
The pilot, who had considerable flying experience with the 
test helicopter, reported no noticeable change in performance. 


RESULTS AND DISCUSSION 


The results of these muffler tests, which are discussed in 
the following sections, show the effectiveness of the muffler 
in reducing the exhaust noises along with the merits and 
shortcomings of the theoretical equation under investigation 
(eq. (D10)). The muffler experimental results are presented 
in the form of tables and curves. 


MUFFLER-ENGINE TESTS 


The muffier-engine-test results are shown in figure 29 and 
table V. These data describe the manner in which the 
amplitude of the exhaust noise varies with frequency. 
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(a) Mufflers 78 and 79. 
(b) Mufflers 80 and 81. 


FiGvRE 20.— Comparison of recorded frequeney analyses of helicopter 
noise with and without mufflers. 


Figure 29 (a) shows the unmuflled-exhaust noise spectrum 
in addition to the noise spectrums for both mufflers 78 and 79. 
Similarly, the spectrums for mufflers 80 and 81 are shown 
in figure 29 (b). 

Frequency analysis.— The curve describing the envelope 
for the unmuffled-exhaust noise frequencies shows that the 
fundamental firing frequency (noted by the dashed line) 
is by far the largest. noise-producing harmonic and, thus, 18 
the frequency which should be given the greatest attenuation. 
The peaks occurring at 75 and 205 cycles per second are the 
next largest sound-producing frequencies of the engine noise. 
These two peaks, along with the fundamental peak mentioned 
previously, define the frequency band where most of the 
annoying noise is found to exist and, consequently, the 
range which should be given the greatest attention. When 
the noise spectrum from each of the four mufflers is compared 
with that of the unmuffied engine, it becomes obvious that 
considerable muffling was obtained in the 75 to 205 cycles 
per second frequency band. In general, tho curves are seen 
to have the same characteristic shape. 

Suppose now that a comparison is made between the cold 
tests and the engine tests. (See figs. 21 and 29.) Figure 21 
shows that mufflers 78, 79, and 80 should have yielded their 
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TABLE V,—BAND-PASS ANALYSIS OF HELICOPTER NOISE 
AT 200 FEET 


| Sound pressure level, db, from— 

| Overall Зете A or x e 
sound ECT 

| Mufer | ievel, | oto |50 io | 75 to | 100 to | 150 to | 200 to | 300 to 

| ав |р [om aso j жю зю | 300 | 600 

| в Ll e eps | eps | eps 


| | 
$ ; 


FER 1 83 
Nomuffer | 9 


greatest attenuation at 280 cycles per second and no attenu- 
ation in one lower and one higher frequency cutoff band. 
А point-by-point comparison between the data of these two 
figures showed that the helicopter noise spectrum was not 
reduced by the amount predicted for the muffler in the cold 
test. For instance, the cold-test data Гог muffler 79 showed 
about 11 decibels of attenuation was obtained at 128 cycles 
er second; the engine test, however, showed that 7 decibels 
of attenuation was realized when the muffler was tested on 
the helicopter. Similarly, at 200 cycles per second, approxi- 
mately 20 decibels of attenuation may have been expected 
but only 11 decibels were measured during the engine test. 
After inspecting the data for all mufflers tested it was 
concluded that, although effective muffling was received, 
no muffler reduced the helicopter noise by the amounts 
predicted from the muffler cold tests. 

Band-pass analysis.—In order to provide a rough check 
оп the frequency-analyses data, certain band-pass analyses 
were made. These band-pass data (table V) give sound 
pressure levels with overlapping octaves for frequency 
bands, ranging from 0 to 1,200 cycles per second. Before 
urther diseussion of these data, it should be pointed out 
that the meter used in taking these measurements was of à 


different type from that used for the frequency analysis. . 


A constant 2-decibel calibration difference was found to 
` exist between the two meters used. For identical sound 
signals, the meter used to record the band-pass analysis 
always read 2 decibels more than the meter used to record 
the frequency speetrum. 
Good agreement between these data was found in the 
requency range of 75 to 400 cycles per second. This range 
is most, important in the present study because most of the 
annoying noise falls within these limits. "The band-pass 
analysis generally is not as useful for analyzing the data 
as the frequency spectrums; nevertheless, it сап be used 
profitably to check other data and to find regions of large 
sound energies. 
Tailpipe characteristics—The theoretical data previously 
discussed (fig. 21) showed that certain pass bands oceurred 
at 
fre 
сус 


Alt 


uency. For muffler 78, these bands are from 0 to 93 
es per second and from 375 to 400 cycles per second. 
nough the theoretical data showed по attenuation should 
ave been obtained in the frequency range from 0 to 93 
cycles per second, the frequency analysis of figure 29 (a) 
indicates that some effective quieting was received. Some 
muflling also was obtained in the predicted high-frequency 
pass band. Та this band, however, the attenuation is very 
small, ranging from X to 2 decibels. The marked decrease 
in attenuation in the frequency range from 375 to 400 cycles 


requencies both above and below the mufller resonant | 
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| per second is sufficient to indicate that the tailpipe resonance 
must have occurred in this frequeney band; this result 
agrees with the theory. The cold tests also showed this 
attenuation decrease. It may therefore be concluded that 
the theoretical expression is valid for predicting the tailpipe 
resonance of the muffler under engine test conditions and 
| that some slight attenuation may be realized during such 
resonances, Further evidence of these tailpipe resonances 
may be found by checking the data for mufflers 79 and 80. 

Internal sound pressures of the exhaust system.—-As 
stated previously, the test engine had two separate exhaust 
| manifolds, one exhausting three cylinders and the other, 
four. A schematic drawing showing this arrangement 
appears in figure 30. Sound-pressure data, as signaled by a 
crystal pickup gage placed in the left exhaust manifold, are 
presented in figure 31. The curve of figure 31 (a) describes 
one cycle of this sound variation. The curve of figure 31 (b), 
having 4 humps, shows the exhaust-pressure variation for 
the 4-cylinder exhaust. This curve was mot obtained 
directly from recorded data but was synthesized with the 
aid of the measured 3-cylinder exhaust curve. — 

Close examination of the plot showing the 3-cylinder 
exhaust pressure reveals that the sound pressure in the 
system did not go as high when the second consecutive 
exhaust valve opened as when the first valve opened: An 
examination of the exhaust system reveals that the first 
cylinder exhaust valve remains open for a considerable 
er valve opens; thus, the volume 
This increased volume allows, in 


to be approximately 7 pounds per square inch. This value 
corresponds to a sound-pressure level of 189 decibels. This 
pressure is far greater than both the pressure assumed in 
theory and the sound pressure used for the cold tests. The 
peak pressures measured entering the mufflers attached to 
the cold-test setup were of the order of 141 decibels or 0.028 
pound per square inch. In order to reduce large peak sound 
pulses, collector rings may be employed. The pressure 
records of figure 31, for example, indicate that, if a complete 
circular collector ring had been installed on the engine, the 
magnitude of the pressure peaks might have been reduced 
by over 50 percent. In addition, only one muffler would 
have been required. 
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Fictre 30.—Schematic drawing of helicopter-engine-exhaust system. 
Firing order: 1, 3, 5, 7, 2, 4, 6. 
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(a) Variation of sound pressure measured in the 3-eylinder exhaust of 
the test. helicopter. 
(b) Variation of sound pressure in the 4-cylinder exhaust of the test 
helicopter as estimated from 3-cylinder data. 


FIGURE 31.—Exhaust-pipe sound pressure. 


POSSIBLE REASONS FOR DISCREPANCIES BETWEEN COLD TESTS AND 
ENGINE TESTS 

Some reasons may be given to account for the discrepancies 
that exist between the attenuations obtained from the cold 
tests and those obtained from the engine tests. These 
reasons include (1) the large differences in operating condi- 
tions, and (2) the prevailing extraneous noises of the engine 
tests. 

Differences in operating conditions.—In the section 
entitled “Variables Dependent on Operating Conditions” in 
Part ПТ, the possible effects of three variables were discussed. 
The effect. of temperature was taken into account in the 
design of the engine mufflers by using the speed of sound in 
the hot exhaust gas. The exhaust-gas velocity was not taken 
into account, but it is doubtful whether this factor could 
have caused a loss of attenuation, inasmuch as the available 
evidence indicates that the exhaust-gas velocity either 
causes an increase in attenuation or has little influence on 
attenuation. The exhaust-gas velocity for this engine. is 
estimated to be about 500 feet per second. The cold-test 
experiments were conducted with peak sound pressures of 
the order of 141 decibels (0.028 psi); whereas, the peak 
sound pressures from the engine entering the mufflers were 
about 189 decibels (7.0 psi). This sound-pressure increase 
of 250 times in the muffler system raises the sound pressure 
to a point where it is no longer small with respect to the 
static (atmospheric) pressure. Ап original assumption made 
in the development of the theoretical equation was that the 
sound pressure would be small in comparison with the 
statie pressure, It is obvious that this assumption was not 
satisfied during the engine tests, and this fact may be 
responsible for some loss of attenuation. 

Extraneous noise.—Another factor which may account for 
some of the discrepancies between data is extraneous noise. 
The influence of this factor on the exhaust noise spectrum 
presented is difficult to determine. No pure extraneous noise 
spectrum could be obtained whereby a quantitative point- 
by-point comparison could be made. The extraneous noise, 
as discussed herein, is made up of all noises which originate 
from sources other than the exhaust gas. These noises 
include engine air intake, engine blower, engine clatter, 
vibrating fuselage, main rotor, and distant aireraft. The 
combination of these noises, when integrated with those 
from the exhaust gases, yields all the curves described in 
figure 29. И the exhaust-gas noise is the most pronounced 
noise in a system and if it is reduced continuously, some 
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point will be passed where the exhaust and extraneous noises 
will be equal. At this point the extraneous noise will be 
equally as important as the exhaust in determining the noise 
spectrum. Thus, the spectrum will stop defining the shape 
of exhaust noise in detail and begin to show some characteris- 
ties of the extraneous noises. A reduction of the exhaust 
noise well below that of the extraneous noise will leave a 
spectrum containing principally extraneous noise. With 
this fact in mind, the large, two-chamber muffler (81) was 
designed to attenuate the exhaust noise so much that the 
extraneous noise spectrum could be approximately deter- 
mined. The spectrum for muffler 81 (fig. 29 (b)) has prac- 
tically the same shape as that for muffler 80. This observa- 
iion indicates that muffler 80 must have reduced the exhaust 
noise to a point where the extraneous noise became prevalent 
and that muffler 81 could have only further reduced the 
exhaust. noise; consequently, only slightly more overall noise 
reduetion was provided. Overall sound-pressure measure- 
ments showed the same sound energy (81 decibels) was 
present at the mierophones when both mufflers 80 and 81 
were installed. Thus, the exact attenuation provided by 
the mufflers could not be determined because of the extrane- 
ous noise level. It is of interest to note here that, as the 
extraneous noise level is approached, the mufflers must 
reduce the exhaust noise in greater increments to reduce the 
overall noise level by equal amounts. For instance, if the 
extraneous noise is 85 decibels and the exhaust noise is 100 
decibels, the overall noise will be 100.1 decibels. If a muffler 
reduces the exhaust noise by 12 decibels, the overall noise 
will be reduced by 10.4 decibels to 89.7 decibels, If the 
exhaust noise is reduced another 12 decibels (to 76 decibels), 
the overall noise level is redueed by only 4.2 decibels to 
85.5 decibels. This explanation shows very clearly that the 
amount of overall noise reduction which can be gained by 
the use of a given muffler is dependent upon the relative 
intensities of the extraneous and exhaust noises. It may be 
concluded, therefore, that a muffler used to attenuate a noise 
level which considerably exceeds that of the extraneous 
noise can provide much more overall noise reduction than if 
it were working in a noise range close to the extraneous noise. 


SIGNIFICANCE OF MEASURED NOISE REDUCTION 


In order that the significance of the noise reductions 
obtained may be interpreted, some comparisons and com- 
ments are made on the basis of the information contained in 
reference 13 regarding the sound levels of aircraft traffic. 
For those familiar with the noise of various types of airplanes 
on takeoff, figure 27 of this reference provides a meaningful 
comparison. The noise of the unmuffled 180-horsepower 
helicopter has about. the same intensity level as that of the 
150-horsepower Stinson Voyager or the 165-horsepower 
Beech Bonanza. The smallest muffler tested on the helicopter 
reduced the intensity to about that of the quietest airplane 
of figure 27 of reference 13, а 65-horsepower Piper Cub. 
These comparisons are made at takeoff power at a distance 
of 200 feet. The three airplanes mentioned were all equipped 
with standard production mufflers. 

Аз а further indication of the significance of the sound 
levels measured in this investigation, a comparison in terms 
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of relative loudness is made. Relative loudness is defined 
herein, as in reference 13, as the perceived loudness of sound 
heard by the average ear relative to the loudness of the normal 
conversational voice at a 3-foot distance. "The variation in 
perceived loudness with ihe loudness level (in phons or 
decibels) is taken from the American Standards Association 
Standard 7242-1942. Relative loudnesses of the five 
configurations of this investigation, based on the overall 
sound levels given in table V, are approximately 5.3 for the 
unmvflled helicopter, 2.9 with mufflers 1 and 2, and 2.5 with 
mufflers 3 and 4, all at a distance of 200 feet at takeoff power. 
'Phus,-muffler 78, for-example, reduces the loudness of the 
noise as perceived by the average ear by about 45 percent. 
'This example gives an indication of the magnitude of the 
noise reduetion obtained although, of course, the human mind 
takes into account other factors besides loudness in judging 
the annoyance due to a particular noise. On the basis of 
the data in reference 13, the distances at which the helicopter 
noise would have the same loudness as the reference conver- 
sational voice are estimated at about 1,800 feet for the un- 
muffled helicopter, 800 feet with mufflers 78 and 79, and 
630 feet with mufflers 80 and 81. It is evident from this 
discussion that the mufflers produeed a very significant re- 
duction in the noise of the helicopter. 


CONCLUDING REMARKS 


Attenuation curves have been calculated for a large num- 
ber of mufllers, all of which are designed to permit the exhaust 
gas to flow through the mufflers without turning. Compari- 
son of the calculated curves with experimental data has shown 
that it is possible, by means of the acoustic theory, to predict 
the attenuation in still air at room temperature of mufflers 
of the size required for aircraft engines. There are, however, 
certain limits to the muffler size and the frequency range 
within which these equations are applicable. These limits 
include: 

(a) For expansion chambers, the acoustic wave length must 
be greater than about 0.82 times the chamber diameter. 

(b) For resonators, if the connector is longer than about 
one-fifth of the wave length at the desired resonant fre- 
quency, the wave nature of the sound flow in the connector 
must be taken into account. 

(с) For resonators, if the acoustic path length from the 
connector to the closed end of the chamber is of the order 


of one-eighth wave length or more, the wave nature of the 
flow in the chamber must be accounted for. 

The conductivity was predicted with reasonable accuracy 
for connectors composed of a small number of holes or tubes. 
Where large numbers of holes in close proximity were used, 
the conductivity was not accurately predictable. In such 
cases, the designer must rely on an experimental determina- 
tion of the conductivity through measurement of the resonant: 
frequency. 

Methods have been found which, in theory, will eliminate 
pass bands in three specific cases. The pass bands that can 
be eliminated are: 

(a) The odd-numbered upper pass bands of a double- 
expansion-chamber muffier. 

(b) The first upper pass band of a multiple-resouator 
muffler. 

(c) The first upper tailpipe pass band of a single-resonator 
muffler. 

A method has been presented which permits the effect of 
the tailpipe to be included in the muffler calculations. Зре- 
cific equations have been developed for the attenuation with 
tailpipes of single expansion chamber and single-chamber- 
resonator mufflers, Experimental verification of the equa- 
tion for the single-chamber resonator was obtained under 
cold-test conditions. ` 

Four resonator-type mufflers have been tested on a heli- 
copter engine. Even the smallest of these mufflers reduced 
the overall noise by a significant amount. Because this 
overall noise included a considerable amount of extraneous 
noise, an accurate determination of the exhaust-noise reduc- 
tion was not possible. The experimental results seem to 
indicate, however, that the exhaust-noise reduction may have 
been considerably less than that which was obtained in the 
cold tests of these same mufflers. The theory is handicapped 
severely by the fact that the sound pressures inside the 
exhaust pipe were found to be much larger than those 
assumed in the basic theory. In order to isolate the effects 
of large sound pressures and exhaust-gas flow velocities on 
the attenuating properties of mufflers, further tests are neces- 
sary in which extrancous noises are held to a low level. 


LANGLEY ApronauticaL LABORATORY, 
NATIONAL ÅDVISORY COMMITTEE FOR AERONAUTICS, 
Laxceuex Freto, Va., October 6, 1952. 


APPENDIX А 


ATTENUATION OF EXPANSION-CHAMBER MUFFLERS 


ASSUMPTIONS AND GENERAL METHOD 


In the derivation of the equations for the attenuation of 
expansion-chamber mufflers, the following conditions are 
assumed: 

(1) The sound pressures are small compared with the 
absolute value of the average pressure in the system. 

(2) The tailpipe is terminated in its characteristie imped- 
ance (no reflected waves in the tailpipe). 

(3) The muffler walls neither conduct nor transmit sound 
energy. 

(4) Ошу plane pressure waves need be considered. 

(5) Viscosity effects may be neglected. 

By definition, the attenuation in decibels due to a com- 
bination of acoustic elements placed in a tube is 


Average incident sound power 


10 dos, 2 8 DIU МЕ: 
810 (А verage transmitted sound power 


(A1) 


In the manner of reference 1 (р. 72), let the displacements 
and particle velocities of the incident and reflected waves 
at an arbitrary point x be written as 


Десет роде 
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where the positive a-direction is taken as the direction of 
propagation of the incident wave and the constants А and 
В аге, in general, complex numbers. For plane waves the 


е, where р is the aver- 


д. 
age density of the gas. The incident and reflected pressures 
‘an therefore be written as 


acoustic pressure p is equal to F 
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The average sound power in the incident wave is 


| = "ds dt 
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where, since this is a calculation of actual power, only the 
teal parts of p; and Е, can be considered, After the integra- 


| 
i 


iion is performed, the average sound power is obtained as 
1 j y 
5 peor АР 


1 the attenuation between two points located at cross вес- 
tions of equal area is desired, the formula is 


; A? 
Attenuation— 10 logis | т 


(А4) 


provided there are no reflected waves at the point 2. 
SINGLE EXPANSION CHAMBER 


A schematie diagram of a single expansion chamber is 
shown below: 


Er 


а 82 


The origin of г is taken at junction I. If constant factors 
are omitted, the equations for continuity of pressure and 
flow volume at junction I eun be written, with the assistance 
of equations (A2) and (A3), as 


A+B =. (A5) 
5$(А,—В, 
ог 
Ai By=m(A2—b) (A6) 
Similarly, at junction H, the expressions are 
Азе e (А7) 
m (Asc Ве) (A8) 
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If, now, equations (A5), (AG), (АТ), and (AS) are solved 
simultaneously for the ratio Ау/ Аз, the result is 


des kl;d-i 1 (m tx) sin kl, 
(49) 


and the attenuation (see eq. (А4)) is 
Attenuation=10 log 1+1 (m—2) sin’ kl, (A10) 
10 1 т, в 


The design curves of figure 22 were obtained by plotting 
this equation against ki,. 
If the equations are solved for В/Аз, the result is 


Bod 


1 ‚ 
izlm =) sin kl, (A11) 


Ау 3X 
When measurements аге taken in the manner described in 
the section entitled *Methods and Tests" in Part I, the 
maximum pressure measurable in the exhaust pipe to the 
left of junction I will be proportional to 


ENT 


A зі 


and will be found at the station z at which the incident and 
reflected waves are in phase with each other. The maximum 
measured attenuation will thus be given by 
Ail 
10 logi | 4 
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Substitution of equations (A9) and (All) into equation 
(A12) results in 


Maximum measured attenuation 10 logis р + (v - 
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The upper curve of figure 8 was computed from this equation. 


DOUBLE EXPANSION CHAMBER WITH EXTERNAL CONNECTING TUBE 


A schematic diagram of а double-expansion-chamber | 


muffler with the connecting tube external to the chambers is 


shown below, with the symbols to be used also included: 
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The effective length of the connecting tube 2l is equal to 
the physical length plus an end correction. И the same basic 
method is used as for the single expansion chamber, the 
equations of continuity of pressure and flow at the four 
indicated junctions are: 
At junction 1 
А+ Bi A Bs 
4,— В, =т(А,-— В») 
At junction IT 
Ан e Bae" = Av Bs 
mA" — Bye" ) -A,— Bs 
At junction HT 
A e E Bye AB, 
: As I В mA B.) 
At junction ТУ 
Ае Ве P As 
m( Ag " — Bae" =As 


The simultaneous solution of these equations results in 
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This equation ean be written, in terms of trigonometric 
functions, as 
АТГ 


A; 16m? * 


[4m(m-+1) cos Æl +l) —4min З) соз 2k(,—1)] 


дата 3) (m + 1)? sin 2k, +d.) — 
2(m2+1\(m— 1)? sin Æl, —1)—4(n?— 1 sin МД} (A14) 


The attenuation is 


Attenuation=10 10930 E Gant ( zi n (A15) 


when.R and I are used to denote the real and imaginary 
parts, respectively. 


DOUBLE EXPANSION CHAMBER WITH INTERNAL CONNECTING TUBE 


A schematie diagram of a double-expansion-chamber 
muffler with the connecting tube internal to the expansion 
chambers is shown below, with the symbols io be used also 
indicated: 
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"The basie equations of eontinuity of pressure and flow at the 
four indicated junctions are: 
At junction 1 


А,—В=т(А,— B) 
At junction H 
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At junction III 
Аде Berto AE BIA Bs 
де Bae (IA, B= mb vB 
At junction ТУ 
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In addition, because of the total reflection from the bulkhead 
separating the two chambers, 


Веди № 
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The simultaneous solution of these equations results in 


a cos 2kl,— (m — 1) sin 24, tan kle+ 


5 С +4) sin 2kl,-- (n — 1) tan kl, 
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The attenuation is 


Attenuation=10 logie [к Galak Gall (A17) 


CUTOFF FREQUENCY 


In the design of double-expansion-chamber mufflers, it is 
important to be able to predict the low-frequency limit of the 
first effective attenuation region. This frequency is called 
the cutoff frequency fe Tt may, of course, be found from a 
plot of equation (А17) but a more rapid method of estimat- 


ing f. is desirable for use in the preliminary design of а 


па ет. The semiempirical equation 
Ж E S (A18) 
ү тА (1—1) 


has been found quite satisfactory for this purpose within the 
range of variables covered in this investigation (see table П). 


APPENDIX B 


ATTENUATION OF RESONATOR MUFFLERS 


SINGLE RESONATORS 


In the derivation of the equation for the attenuation due 
{о à single resonator in a side branch, assumptions (1), (2), 
and (3) of appendix A are required, Assumptions (4) and (5) 
are modified as follows: 

(4) Only plane pressure waves are propagated in the ex- 
haust pipe and the tailpipe. 

(5) The influence of the viscosity of the fluid may be 
neglected everywhere except in the tubes or orifices which 
form the connector between the exhaust pipe and the 
volume chamber of the resonator. 


The following two additional assumptions are necessary: 

(6) The boundary-layer thickness is small compared to the 
diameter of the tube or orifice in which viscosity effects are 
considered. 

(7) The dimensions of the resonator are small relative to 

the wave length of the sound considered. 
. Consider the effect of a side branch of impedance 
Zy=Ry+iXy opening into a tube in which plane sound 
waves are propagated. At the point where the branch joins 
the tube, the conditions of continuity of pressure and sound 
current give 


(B1) 
(B2) 


poctpe-pvpe 
Тя Би 


where subscripts 7 and re refer to the incident and reflected 
waves ahead of the branch, b refers to the branch, and tr 
refers to the transmitted wave behind the branch. For a 
plane wave p=Zol, where Z is the characteristic impedance 
of the tube. If the currents are written in terms of pressure 
and impedance, equation (B2) becomes 


1 A ; 
Z (cp) (+) (B3) 


1f, now, equations (B1) and (B3) are solved simultaneously 
for the ratio ру/р, the result is 

Pea Ир fo 

p. 5 32, TR FIR) 
Hence the attenuation is 
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А schematic diagram of а single-resonator muffler is shown 
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below with the symbols that are used indicated: 
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On the basis of the listed assumptions, the impedances of the 
various components are (ref. 1, p. 118) 


Volume-chamber impedance- — i (B5) 
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where со is the conductivity and J, is the effective length. of 
the connector. Since, in the resonator side branch, the 
volume chamber and the connector are in series 


R,—— удира (B7) 
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"These values, when substituted into equation (B4), give the 
attenuation of a single-resonator muffler. 

In many cases it is possible to neglect the effect of viscosity 
without introducing excessive error, except at the resonant 
frequency. If и=0. equation (B4) simplifies to 

А Ze 
Attenuation=10 logy [ 1-- 7373 (B9) 
4x? 
By inserting the value of X, and making use of the fact 
oc Р 5 i Е 
that fs. үт it is possible to bring equation (B9) into 


the form 


Attenuation —10 logy | 1+ 


THEORETICAL AND EXPERIMENTAL INVESTIGATION OF MUFFLERS 


The design curves of figure 23 have been obtained from this 
equation. Since viscosity has been neglected, the predicted 
attenuation rises to infinity at the resonant frequency 
d 
BC 

If the effective length of the connector /, is not sufficiently 
short compared to the sound-wave length, assumption (7) 
of appendix B is violated and the wave nature of the flow in 
the connector must be considered, Muffler 28 is an example 
of this case. For a connector of length /, and area S, ter- 
minated by a volume V, the braneh reactance (with vis 
cosity omitted) is 


im 


X= & (Bil) 


kV 


tan ki. 1 


This expression can be obtained from equation 5.30, page 
125, reference 1 by substituting the volume-chamber im- 


pedanee —i— for the 
wV. 


in the reference. Having obtained the branch reactance, the 
attenuation, with viscosity neglected, is calculated from 
equation (B9). The attenuation of muffler 28 was caleulated 
in this manner. Strictly speaking, an end correction is re- 
quired at both ends of the connector in determining the 
effective connector length /, when equation (B11) is used. 
This correction will reach a maximum of about 0.8 times the 
conneetor radius, at each end of the connector, if the con- 
neetor radius is much smaller than that of the exhaust pipe 
and the volume chamber. 

If the resonant chamber is itself long, the resonance be- 
comes a length-controlled phenomenon instead of а volume- 
controlled one and the attenuation can be determined by 
assuming plane-wave motion in both the connector and the 
chamber. 

In ease the connector is short and the chamber is long, as 
in the following sketch, another approach may be used: 


impedance which is symbolized by Z: 
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Again, the problem is to determine the branch impedance. 
For a closed ehamber the branch impedance is (again with 
viscosity omitted) 


7 [рш pt К 2 
Z=i (2E cot kis) (B3) 
The attenuation is therefore 
ge: m ы 
10 Юго | 1+7 —— (B13) 
Abk 
-eot kl; 
с: со 
For а muffler in which the connector is located at the center 
of the resonant chamber, rather than at the end, the effec- 


tive chamber length is one-half the actual chamber length 6 
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and the effective expausion ratio is twice the physical expan- 
sion ratio т. These effective values should be used in equa- 
tion (B12) or (B13). Because of the typical attenuation 


- characteristics of resonators of this type (eq. (В13)), they 


are called “quarter-wave” resonators. 
MULTIPLE RESONATORS 
The attenuation of Af identical chambers of an infinite 


filter composed of branch resonators is given by (see ref. 8) 


| 
Attenuation=~—8.694/ cosh™ "оов Е (B14) 


where 


m je Я Z 
By use of the substitution Y p- » this equation may also 


be written as 


Substituting this expression in equation (B14) and making 


21], 


use of the fact that k= 5 


Attenuation = —8.69M 


cosh^! s (ы Гү (В15) 
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where the inverse hyperbolic cosine is taken with a negative 
sign. Thus at a given frequency the attenuation, per cham- 
ber, of а multiple-resonator muffler is a function of three 
basic parameters: y¢oV/28, К, and yeo/V (since f, is con 
trolled by мой”). The design curves of figure 24 were cal- 
culated from equation (B15). 

In reference 1 the cutoff frequency is given as 


(B16) 


lico 


In terms of the resonant frequeney equation (B16) ean be 
written in the form 


(B17) 


These equations for fe are, in reality, approximations since 
lumped impedances were assumed in the derivation (see ref. 1). 
The approximation should be valid within the range of 
variables where tan kd; can be taken as kd within the 
permissible limits of accuracy. 

Tn the case of mufflers with long chambers the expression 
for Z, given by equation (B12) can be used in equation (B14). 
Instances where this substitution has been made ave pointed 
out in the text and in the figures. 


APPENDIX C 
COMBINATIONS 
TWO RESONATORS TUNED AT DIFFERENT FREQUENCIES 


| The equation for continuity of pressure at the junction is 
А schematic diagram of а muffler composed of two resona- ] 


tors tuned at different frequencies is shown below with the АВА, By 
subscripts that will be used to indicate various locations also | B. 
shown: | "ELI 
А А 
Аз 1 + В. 
А 
| Substituting from equations (C1) and (C2) gives 
| А 2; Zi o 
| 2 1 „Б Ay 2 2 a Lo Со 
рез а 6 | Similarly 
| | А. бо 
| | A, Ё, Zt 22, 
| | since Zs=Zo Now 
i | AmA I 
| | so that 
а =: а А А, e*n / Zi Zo 242 , 
tan ts (> (3 
As Ag “14% 2 Z Z г л 
The assumptions made are the same аз Гог Ше single resona- A 7 
tors. At station 1 let 
zn iupc( Ar Bye! T A+B: The values of the impedances in this equation are 
hh iosi Boe AB: ZZ : 
2-28, ci 
From this relationship Дан 
i Za 2405 kl, tiza sin. kl 
B з Ха СОБ Ita T to 1 = 
A-2311 (С) Z, ^ Z, cos 17, sin Hh (99 
where Z: is the impedance of the first branch and the circuit | Z= 2223 (C6) 
to the right of this branch in parallel. Similarly | 2+2 
В; Z: (Сэ) The attenuation is determined by inserting the values given 
Ay. = ^^ | in equations (C4), (C5), and (C6) into equation (C3) and 
working out the expression for 
: га. 
Attenuation=10 logis | д | (C7) 
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Uf the branch impedanees have no resistive components, the result obtained is 
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where 


fy 
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mE рени (C9) 
Ze XU X) сов 2+5 (22 ХОР) sin 2kl, 


Хе=-т хр cos Hi — Z X; sin MHP XS sin Eh 


These equations were used to caleulate the attenuation of 
muffler 73 (see fig. 16). It has been found necessary to 
include the length /;, even though it may be much less than 
ihe sound wave length under consider ation. 


A RESONATOR AND AN EXPANSION CHAMBER 


А schematic diagram of а muffler composed of a resonator 
in combination with an expansion chamber is shown below: 


The boundary conditions to be satisfied at station I are 
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From equations (C10) and (C11) 
Aci G (dBA (C13) 
For the side branch 
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If equation (C13) is substituted into equation (C12), the 
result is 


= (АВА 


(C13) | 
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Since А;=Ае |, В=Ве , and Л the preceding 
| 


equation ean also be written as 


A-( в) Ag 42 Bac (C14 
Let the subscripts 1 and 3 of equations (A9) and (A11) be 


replaced by 4 and 6, respectively. Then the ratios А! As 
and В./Аз can be written as 


Ясо HS 3 (m+) sin i. (C13) 
Bani i(n-i) sin kl, (C16) 
| By using equations (C14), (C15), and (C16), the ratio 


АМА, can be written as 
а(н [ cos В, i (nz) sin A enr 
a, А [>i 5 (n) sin ы, |: re 
= (EE 2X; D [es Мата a (nez) sin kl +| 
Z (n- -1) sin kl, € xu CE 


ix, 
= {cos мүр, (n) sin kl.— 


АХ, Ze. (а) 2k, sin нь") sin kl,— 


А. cos kl, +7, (m -x) sin 2kl, sin RT ' 


The attenuation is given by 


VA 
Attenuation=10 logi, d 
а 


=10 log | eos kl, + (nex) sin Кт 


Zi d acc Аааа 

iX. (n=) cos 2kl, sin и] + 
[5 (n) sin kl,— 2. cos К. 
A. 


(C18) 


APPENDIX D 
ATTENUATION OF MUFFLERS WITH FINITE TAILPIPES 


SINGLE EXPANSION CHAMBER 


Consider a muffler composed of an expansion chamber 
with expansion ratio m terminated with a tailpipe of effec- 
tive length [. At the upstream end of the muffler, 


Art Bi=ArtB2 
A1—B,— m(As— В) 


(D) 


At the downstream end, assuming total reflection from the | 


end of the tailpipe 


As ВА: BA 0-67) (03) 


m(Ase Взе") =ДАз(1++е ™) (D4) 


These four equations, when solved simultaneously for А,/ Аз, 
give 

Al 

Аз 4m 

i [2(m?4- 1) sin kl, —2(m?— 1) eos 2kl, sin НА) 


{[4m cos kl, —2(m*— 1) sin 2kl, sin КДУ 


2 
The attenuation is 10 logio [8 where 
3 


А 


А 14 ы» 1) 


А om? -sin 2kl, sin 2kl,— 
а! 


2 
- sin?kl,— 


2m 


т cos Ы, sinêkl, (D3) 


'The approximate cutoff frequency is found by setting the 
preceding expression equal to zero and solving for k, with 
the approximations that 


sin kl, — kl, 
sin 2kle=2kle 
sin 2kl,—2kl, 


cos kl,—1 


The result is 


(D6) 


4 


(D2) | 


SINGLE RESONATOR 


A schematic diagram of a single-resonator muffler with a 
finite tailpipe is shown below: 


- 7 4 


1f now the substitution 


ZZ 
| e 
is made, the result is 
t 
Aca (рт) 
1 Z1 


If the correct values for Zo/Z, and 20/2: are inserted in this 


| equation, the attenuation may be calculated from equation 


(A4). As an example, the attenuation equation will be 
developed for the case where Zp is a pure reactance and total 


| reflection is assumed at the open end of the tailpipe. In 


this case 


ge Gh ws 
iX, 
Upon reduction this gives 
(411° р 
[а = v» 


THEORETICAL AND EXPERIMENTAL INVESTIGATION OF MUFFLERS 47 


Finally, for the single-branch resonator with a tailpipe 


substitute 


where |, includes the end correction mentioned in Part П 


of this report under the heading “Theory.” Substitute also 


and 


with the result 


Attenuation = 10 logo 


Note that in equation (D10) the parameters 
the attenuation characteristics are ус 


(ог yeo/V). 


'The pass frequencies can be found by setting the sum of 


the second and third terms of equation (D10) 
with the result 


tan Kl, —28 (вр) 


"The attenuation will be zero for any value of k which satisfies 
this equation. For the cutoff frequency this equation can be 


simplified by the use of the approximation 


tan kl, — Kl, 
with the result 


Je 


y 1497 ы, 


s whieh determine 
IS, kl, and f 


equal to zero, 


(D11) 


(D12) 


Use of this equation gives a value of approximately 88 eycles 


| per second for the cutoff frequency of the muffler of figure 


18 (a). The more exact calculation gives f.=85 cycles per 
second. Note the similarity in form between equation 
(012) and equation (B17). 
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